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Summary 
Soil acidification is emerging as the major land degradation issue in Australia. It happens slowly, within 
a complex mosaic of variable soils and agricultural management, and it can take decades for related 
environmental consequences to become apparent. Declines in soil pH are expensive and difficult to 
reverse, making detection of the problem and proactive management paramount.   
Natural resource managers in Western Australia require a purposely designed soil pH monitoring 
network to identify areas at higher risk of soil acidification and to observe changes in soil pH through 
time.  This monitoring network, in conjunction with field experimental work and acidification modelling, 
will identify state and regional trends and help shape state natural resource management policy and 
regional extension programmes, as well as directly inform industry and land managers.    
Design criteria for the monitoring network include:   
 Target population:  soils vulnerable to acidification (low buffering capacity) under 
rotational cropping, in the low rainfall region (< 500 mm/yr) target quantity:  the mean 
change in pH over the sampling interval reporting units:  the region as a whole, and 
mapped Soil Landscape Zones which reflect physiographic and cropping system 
differences in the region and help to partition variability in soil pH to provide broad-
scale spatial patterns in results (see Figure 3) 
 
 Quality measure:  High confidence (>95%) for the region as a whole of detecting a 0.2 
pH unit change from the mean, and moderate confidence (70-90%) of detecting a 0.3 
pH unit change within the subregions ( 26 Soil Landscape Zones) 
 
 Logistics: Must keep costs and labour requirements as low and constant as possible 
throughout the life of the survey (e.g. spread out timing of sampling); fix total sites for 
affordability 
 
 Flexibility: Design network for acidification only, but allow flexibility to monitor 
additional processes in the future or adjust network in reaction to ongoing findings. 
Data from a commercial soil sampling company were used to determine soil pH spatial variability and 
calculate the number of sites needed to detect change through time.   
The final monitoring network consists of 403 sampling sites, stratified by Soil Landscape Zones which 
combine geomorphology, geology and climate information.  To keep monitoring costs and labour 
requirements relatively constant, a rotational sampling pattern will be used, in which 20% of sites are 
visited per year.  This means a complete wheatbelt pH baseline will be collected after 5 years, and a 
full 5-year change dataset will be completed after 10 years. The design as a whole is a 5-year period 
serially alternating rotational pattern. The approximately 80 samples per year are enough to estimate 
the annual change in the wheatbelt pH average with high confidence.     
Simulated pH change suggests that the proposed network will be sensitive enough to detect real 
change above and beyond field and laboratory error and the natural spatial and temporal variability of 
wheatbelt soils. The simulation results support use of rotational sampling and demonstrate the data 
analysis and display potential for the monitoring network. The comparison of wheatbelt-wide change 
versus change within individual Soil Landscape Zones illustrates that the Zone level data on pH 
change are necessary to direct state resources and extension efforts to slow acidification and related 
damage to the natural resource base.   
Within site sample requirements were determined using data from three field sites selected to 
represent distinctly different but common soils.  The number of samples needed to accurately detect 
changes in soil properties (pH, bulk density, soil organic carbon) through time were determined using 
basic t-tests and simulation.  The final recommendations for within site sampling for 0-5, 5-10, 10-20, 
and 20-30 cm depth layers are:   
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 Composite 25 samples for pH (and soil organic carbon) 
 
 Composite 5 bulk density samples for the 0-5 and 5-10 cm layers 
 
 Composite 3 bulk density samples for the 10-20 and 20-30 cm layers; and 
 
 Periodically reassess the variability in bulk density from monitoring sites, and readjust the 
number of samples composited if necessary.   
Detecting temporal change in soil properties is difficult at best given the spatial variability in soils and 
the long time scales over which properties change.  The soil monitoring network developed for the 
Western Australian wheatbelt has been crafted to provide an unbiased, statistically valid framework for 
establishing current pH status and tracking change.   
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1. Introduction 
This report documents three phases in the development of a soil condition monitoring network for the 
West Australian wheatbelt. The first section presents the final design, the second considers within site 
sampling and the third section provides design concepts and some of the early scenarios considered. 
The negative impacts of a hundred years of dryland agriculture on soil condition are beginning to show 
in Western Australia, as in other parts of the world.  At the same time, regional and global demand for 
food production is increasing, and climatic constraints on agriculture are predicted to increase 
(Hennessy et al, 2007; FAO, 2009).  Acidification of agricultural land in Australia is considered a larger 
risk to sustainable production than salinity (Government of Western Australia, 2007), and declines in 
soil pH are expensive and difficult to reverse, making detection of the problem and proactive 
management paramount. Natural resource managers in Western Australia require a purposely 
designed soil pH monitoring network to identify areas at higher risk of soil acidification and to detect 
changes in soil pH through time.  This monitoring network, in conjunction with field experimental work 
and acidification modelling, will identify trends and help shape state natural resource management 
policy and extension programmes, as well as directly inform industry and land managers.    
The wheatbelt in south-western Australia includes approximately 13 Mha under dryland agriculture, 
two-thirds of which are at risk of acidification (Government of Western Australia, 2007).  Key regional 
impacts of soil acidity include lower plant yields and related profits, fewer suitable planting options, 
irreversible degradation of clays and colloids in the soil further reducing fertility; accelerated erosion 
related to lower density groundcover; and worst case scenario, severe erosion preventing future 
agricultural production (NLWRA, 2001; Gazey and Davies, 2009).  
The processes that decrease soil pH in agricultural systems are removal of base cations from the soil 
system (generally through plant uptake and removal of vegetation, or leaching), and application of 
ammonium-based nitrogen fertiliser at rates in excess of plant requirements. Liming causes soil pH to 
increase, though its effectiveness varies with soil texture, type of lime, and amount applied (Gazey and 
Davies, 2009).  This combination of variable loss and gain complicate detection of long term trends in 
soil pH.  
Here we describe the design of a soil monitoring network to characterise the current status and future 
trends in soil pH for the wheatbelt of southwestern Western Australia.  
 
Figure 1:  The wheatbelt in Western Australia, generally defined as the land cleared for dryland cropping systems 
that receive less than 500 mm annual rainfall.  Background image is the 2000 Landsat 7 mosaic of Australia from 
the Australian Greenhouse Office. 
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2. Proposed soil monitoring network 
To provide the most flexible framework for assessing soil condition, a monitoring network must be both 
as general and as representative of natural and human-affected conditions as possible but still meet 
the funder‟s budgetary constraints.  Careful planning is required to ensure that a relatively small 
number of sites selected to form the network allows estimation of the general spatial and temporal 
trends in soil pH. A number of decisions are required to define the focus, required outputs, and 
reliability of the monitoring programme.  
The goal is to estimate the change in pH (ΔpH) over the wheatbelt as a whole, and within the 
wheatbelt with as much spatial detail relevant to regional planning as possible. Design-based 
inference was chosen so that an unbiased estimate of the mean ΔpH (not pH itself) across the whole 
wheat belt could be obtained. Using design-based methods also ensures the estimates of ΔpH made 
using the network will be adequate for regulatory practices, if required in the future (de Gruijter et al, 
2006).  
The processes causing soil acidification are slow, and the high spatial and seasonal variability in pH 
can make detection of trends difficult. Change is undetectable in less than five years even in the most 
severe cases of degradation, and can be more consistently determined over a ten year period 
(McKenzie and Dixon, 2006).  This long term degradation process requires an equally long term 
monitoring programme. The planned duration for the monitoring network is 20 years and beyond and 
sampling of each site will occur once every five years.  The same sites will be sampled through time, 
helping to minimise the spatial variability between time pairs which can often confound interpretation of 
trends (Papritz and Webster, 1995; McKenzie et al, 2002).    
A variety of scenarios were evaluated to set the boundaries of what characteristics were desirable as 
well as logistically and financially feasible for the monitoring network (See Section 4 of this report).   
The final set of design criteria were:  
 Target population:  soils vulnerable to acidification (low buffering capacity) under 
rotational cropping, in the low rainfall region (< 500 mm/yr) 
 
 Target quantity:  the mean change in pH over the sampling interval 
 
 Reporting units:  the region as a whole, and mapped Soil Landscape Zones (SLZs) 
which reflect physiographic and cropping system differences in the region and help to 
partition variability in soil pH plus provide broad-scale spatial patterns in results (see 
Figure 3) 
 
 Quality measure:  high confidence (>95%) for the region as a whole of detecting a 0.2 
pH unit change from the mean, and moderate confidence (70-90%) of detecting a 0.3 
pH unit change within the subregions ( 26 soil landscape zones) 
 
 Logistics:  must keep costs and labour requirements as constant as possible 
throughout the life of the survey (e.g. spread out timing of sampling); fix total sites for 
affordability 
 
 Flexibility:  design network for acidification only, but allow flexibility to augment the 
system to monitor additional processes in the future; ability to adjust network in 
reaction to ongoing findings. 
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2.1 Calculation of the number of sites needed 
The sites need to be randomly selected (probability sampling) as we are using design-based inference 
(de Gruijter et al, 2006). The following equation, based on standard statistical sampling theory, was 
used to estimate the number of samples (n) required to detect the specified minimum detectable pH 
change (y) at a certain confidence level (100*(1- α )%) (Saby et al, 2008, equation 5):  
 
                           Equation 1       
where zα is the value of the standardised Normal distribution at probability α, and s
2
 is an estimate of 
the variance of pH. This equation assumes that the soil is sampled from the same site on subsequent 
monitoring visits, the variability of pH does not change over time and that the correlation between two 
sampling times is small.  Best current estimates of soil pH and its variability were used as very little 
reliable information was available on ΔpH and its variability in the region.  
Soils with low buffering capacity were targeted.  Within these soil types the current estimate of pH 
gives an indication of those soils that are at greatest risk of falling below the recommended pH levels 
for cropping.  At present the general pH target for topsoils (0-10 cm) is 5.5 and 4.8 for subsoil (20-30 
cm) (Gazey et al., 2007). 
 
Table 1:  Soil groups classified as vulnerable to changes in pH based on inferred low pH buffering capacity.  The 
(2) signifies moderately vulnerable, and the rest shown were classed as highly vulnerable. 
Acid shallow duplex Ironstone gravelly soils supergroup Reticulite deep sandy duplex 
Acid yellow sandy earth Loamy gravel (2) Sandy duplexes supergroup 
Alkaline grey deep sandy duplex Pale deep sand Sandy earths supergroup 
Brown deep sand Pale sandy earth Shallow gravel (2) 
Brown sandy earth Pale shallow sand Shallow sands supergroup 
Deep sands supergroup Red deep sand Yellow deep sand 
Deep sandy gravel Red deep sandy duplex (2) Yellow loamy earth (2) 
Duplex sandy gravel Red sandy earth (2) Yellow sandy earth 
Gravelly pale deep sand Red shallow sand (2) Yellow/brown deep sandy duplex 
Grey deep sandy duplex Red shallow sandy duplex (2) Yellow/brown shallow sand 
Grey shallow sandy duplex Red-brown hardpan shallow loam (2) Yellow/brown shallow sandy duplex (2) 
Figure 2:  Soil Landscape Zones of the 
southwest, superimposed on the 
average annual rainfall calculated from 
1976 to 2007.  The Soil Landscape 
Zones were defined to capture 
broadscale gradients in climate, 
terrain, soils, and land use systems.  
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A commercial pH dataset (Precision Soil Tech (Perth WA), unpublished data) was used to 
characterise current pH status.  The samples were collected for general nutrient analysis, not only pH, 
and are assumed typical wheatbelt soils representing a range of management styles.  If there is 
sampling bias in the database, it probably over samples those soils considered vulnerable to 
acidification as those would be of greatest concern to farmers, making the data well suited for 
monitoring network design.  If the soil database is an unbiased, representative sampling of all soil 
types in the wheatbelt, then the standard deviations in pH used for calculating site numbers will be 
higher than for the target population, and the number of sites determined will be very conservative.   
Samples were collected between 2006 and 2008 and consist of 10 cores at 0-10, 10-20, and 20-30 cm 
depths sampled in an 8 m arc, bulked, well mixed and subsampled by layer (Gazey et al., 2007). The 
sample count, mean, and variance for each reporting unit are shown in Table 1, along with the 
estimated number of sites required for different levels of change detection (see caption).  
The funding available dictated approximately 400 sites in total could be sampled; the programme 
goals were met with this total by stratifying with Soil Landscape Zones (SLZ) using a detectable 
change of 0.3 pH units and 85% confidence per zone.  The 400 sites will permit estimation of a 0.2 pH 
unit change for the wheatbelt as a whole with 99.9% confidence. The two zones with no data currently 
available were lumped with physiographically similar neighbouring zones for the analysis, and at least 
10 sites were located within their boundaries to allow for variance calculation after data collection.  
Three zones had extremely high standard deviations which meant they were assigned very large 
number of sampling sites. However, they are known to contain areas of carbonate-rich soils along with 
soils with low buffering capacity, and there was no supporting information available to stratify the 
database.  As a result, the pH standard deviations for these zones are much higher than would be 
expected for the target population of vulnerable soils.  The change detection limit was changed from 
0.3 to 0.5 pH units for two zones (Table 2); two were assigned the variance values for a similar 
neighbouring Zone; and one was calculated from the DAFWA soil profile database.   
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Table 2 Summary for the 0-10 cm layer of pH variability and estimated number of monitoring sites required per 
reporting unit to detect changes of:  0.2 pH units with 95% confidence (N1), and 0.3 pH units with 85% confidence 
(N2). 
 
Reporting Unit Count Mean Variance N1 N2 Final 
N 
Detectable change 
for Final N at 85% 
confidence level 
Wheatbelt 42585 5.18 0.449   86 37 401  0.1 (95% CL) 
Zones        
220 227 5.66 0.273 52 13 13 0.3 
221** 87 6.41 0.955 183 44 13 0.6 
222 2066 5.24 0.216 41 10 10 0.3 
223 115 5.35 0.235 45 11 11 0.3 
224 2388 5.24 0.278 53 13 13 0.3 
225 96 5.45 0.335 64 15 15 0.3 
226 181 5.46 0.647 124 30 30 0.3 
227 291 5.39 0.491 94 23 23 0.3 
231* -- -- -- -- -- 10 -- 
232 36 5.11 0.096 18 4 10 0.2 
241 1529 5.12 0.382 73 18 18 0.3 
242 102 4.88 0.245 47 11 11 0.3 
243 719 5.02 0.220 42 10 10 0.3 
244 261 4.96 0.282 54 13 13 0.3 
245 2348 4.86 0.238 46 11 11 0.3 
246**† 2668 6.01 1.191 229 55 16 0.6 
248 155 4.91 0.178 34 8 10 0.3 
250 985 5.27 0.689 132 32 32 0.3 
253 4008 5.00 0.126 24 6 10 0.2 
256 7989 5.15 0.319 61 15 15 0.3 
257 4073 4.87 0.123 24 6 10 0.2 
258 12111 5.19 0.417 80 19 29 0.2 
259 3819 5.04 0.280 54 13 13 0.3 
261** 30 6.96 1.560 300 72 20 0.6 
270* -- -- -- -- -- 10 -- 
271 339 5.10 0.589 113 27 27 0.3 
Total 1991 477 401  
*No data available, lumped with similar zone and ten sites assigned to establish baseline. 
** Method of collection and local calcareous soils inflate estimated variance, so the minimum detectable change was increased 
for this zone.    
†
DAFWA profile database used for variance calculation as no data were available in private database.   
 
2.2 Selection of monitoring sites 
Once the number of sites was determined the highest resolution soil map unit polygons (Schoknecht 
at al., 2004) were randomly selected for sampling, weighted toward polygons with larger areas of 
vulnerable soils (probabilities proportional to size:  de Gruijter et al 2006) (Figure 3).  Areas outside the 
target population were masked out (e.g. urban areas, remnant vegetation, saline areas, water bodies).  
The selected polygons were overlain with property boundaries and if only one sample was required 
per polygon then the property with the largest target area was selected. The logic behind this is that 
the larger the area the more likely it is to contain the vulnerable soil to be sampled.   If additional 
samples were allocated to the polygon or the first property owner refused access, the property with the 
next largest area was selected and so on.  A list of property identifiers and percent coverage of 
vulnerable soil types in the map unit polygon was prepared for the field surveyors.  The exact location 
of the site is determined in the field.    
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Figure 3: Sites selected for monitoring shown over the soil subsystem map units, colour coded by the percent of 
vulnerable soils contained within each polygon.    
 
2.3 Within site sampling 
The soil monitoring site was defined as a plot of land 25 x 25 m, following recommendations in 
McKenzie et al (2002). The south-west corner of each site was georeferenced with a standard GPS, 
and the sampling grid was laid out from there.  Each grid cell was 5 x 5 m ( = 25 sampling cells). Each 
grid cell was sampled at four depth intervals, 0-5, 5-10, 10-20 and 20-30 cm. Total number of samples 
per site = observations x depths = 25 x 4 = 100.  The samples were bulked by depth, split for 
laboratory analysis, and the remainder archived.  The site and the soil profile were described 
according to MacDonald et al (2009) and the soil classified according to the WA classification and the 
Australian Soil Classification.  Sampling was done during the dry summer season when pH is most 
stable and to reduce the seasonal signal year to year (Conyers, 1997).   
In addition to pH, soil carbon and bulk density were measured at least for the first 5 years of the 
programme. The soils targeted as vulnerable to acidification were unlikely to be those most vulnerable 
to changes in soil carbon, nevertheless they will contribute to a more complete assessment of current 
soil carbon status in WA.   
For details on within site methods and determination of the number of samples required, please refer 
to Section 3; see Section 4 for discussion of designing a monitoring network for soil organic carbon.  
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2.4 Sampling strategy 
The number of sites (approximately 400) and time interval for sampling (5 years) were determined, but 
sampling all sites in a season then waiting 5 years to repeat the exercise was considered too difficult 
to maintain continuity of funding and skilled personnel.  Instead, a rotational sampling programme was 
planned in which the same sites are resampled at the same time interval, but a subset of the sites are 
visited each year (Figure 4).  The selected sites were divided into five panels, and each year one 
panel will be monitored, with a repeat visit in 5 years time. The design as a whole is a 5-year period 
serially alternating rotational pattern (Urquhart and Kincaid, 1999; de Gruijter et al., 2006).    
 
 
 
Figure 4: Monitoring sites coloured by year of monitoring, following the rotational sampling design.  
2.5 Will the number of sites really be adequate? 
Generally speaking, more sites improve the precision of estimation, but the number of sites in the 
network must be balanced with affordability. Whether or not a smaller network would have been 
adequate was a concern particularly when ten years of data must be collected before the first results 
on ΔpH are available. We deliberately overestimated the number of sites required in the following 
ways to make sure the network design would deliver results:  
 
 Data used to calculate number of sites: Used all currently available pH data even though we 
were only interested in data for vulnerable soils, so the variance was likely higher than that of 
the target population. Lower variance means fewer sites are actually needed to meet quality 
criteria 
 Equation used to calculate sites:  Equation 1 assumes no correlation between sampling times, 
whereas we would realistically expect a positive correlation, reducing the estimate of variance, 
thus reducing the number of samples required. This was shown to be true for a small 
catchment within the wheatbelt with appropriate data where the correlation over 7 years was 
approximately 0.3 (see Section 4.5) 
 Distribution of change:  The number of sites required were calculated for a two-tailed 
distribution, but primary interest is in detecting negative trends (lower tail only), which would 
reduce sample requirements 
 Minimum of ten samples:  All reporting units were assigned a minimum of 10 sites to assist in 
assessing the variability in ΔpH once two sampling rotations are completed. 
Kilometres 
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After each sampling season, the variability in pH for every reporting unit will be calculated; if after 
the first 5 years when all sites will have been sampled once, the pH variability is different from the 
database calculations used to estimate the number of sites required, then sites may be added or 
eliminated from the programme. This will increase efficiency, and will not impact the network‟s 
ability to detect pH change.     
 
2.6 Example of potential Soil Monitoring Network outputs (simulated data) 
The usefulness of a monitoring network is difficult to judge prior to data collection.  We simulated a 
dataset of pH change over 20 years in the wheatbelt to (1) test the viability of different sampling 
designs, (2) explore the flexibility of the dataset for different reporting units, and (3) develop ideas for 
data presentation of monitoring results to assist natural resource management decision makers.  
 
2.6.1 Data simulation 
The sites selected for monitoring in Section 3.2 were used as the foundation for the simulated network, 
and the rate of pH change was based on previous research in Western Australia to make the 
simulation as realistic as possible.      
Initial pH at the site locations:  Each monitoring site was labelled with the local Soil Landscape System 
map unit (1:250,000, Schoknecht et al. 2004) and the Subsystem acidification vulnerability class  (e.g.:  
low, moderate, or high vulnerability).  The starting pH for the site was then randomly selected from a 
normal distribution defined by the System surface layer mean pH and standard deviation.  The three 
Systems with no data were assigned the Zone pH average and standard deviation.   
Rate of pH change:  Measured change in pH varies with the accuracy of the sampling and analysis, 
and the magnitude and spatial distribution of real change.  Survey results for pH and liming in the 
Avon catchment revealed (Gazey et al., 2007): 
 
 50%  of unlimed sites decreased in pH 
 
 25% of sites receiving 1 t/ha and 75% of sites receiving 1-4 t/ha showed pH increase 
by more than 0.5 units 
 
 subsoil showed slower rates of acidification and amelioration than the topsoil. 
These characteristics of soil pH change were incorporated into the simulation. The sites were 
randomly split into two groups: “No change” or “Acidifying”.  For those in the Acidification group, the 
rate of acidification was estimated from a case study in the Avon Basin (Gabby Quoi Quoi catchment: 
Gazey et al., 2007).  The study did not directly report the rate of pH decline, but based on the results, 
recommended liming with 1 t/ha every 10 years to maintain pH levels.  This suggests a decrease of 
0.5 pH units over 10 years.  This rate was assigned to sites with a moderate acidification risk, and 
adjusted for lower and higher vulnerability soils (Table 3). We have little information about sampling 
error or magnitude of change, but the laboratory analysis accuracy is ± 0.1 pH unit. This was assumed 
to be the standard deviation of pH change.   
Lime application was simulated by increasing the pH by 0.35 ± 0.15 at 20% of sites with pH less than 
5.  This is approximately half the increase expected on sandy topsoil if using pure calcium carbonate 
(Gazey and Davis, 2009).  The standard deviation was approximated by slightly increasing the known 
lab error to reflect variable soil response to lime.  The number of times a site was limed was recorded. 
The simulation pH values, their variability, rate of pH change, and liming effects present a simplified 
but reasonable framework for exploring acidification in the wheatbelt and our ability to detect it 
statistically with a limited monitoring network.    
 
Soil monitoring network design 
9 
Table 3 Rates of pH change used to simulate change over a 20 year period. 
Vulnerability to 
acidification 
No change       
(50% of sites) 
Acidifying  (50% 
of sites) 
Lime  (20% of 
sites, pH<5) 
 Mean Std dev Mean Std dev Mean Std dev 
Low 0.0 0.1 -0.02 0.1 +0.35 0.15 
Moderate 0.0 0.1 -0.05 0.1 +0.35 0.15 
High 0.0 0.1 -0.1 0.1 +0.35 0.15 
 
2.6.2 Change across the wheatbelt 
The simulated data consist of yearly pH change for all sites in the monitoring network.   Given the slow 
rate of soil pH change, field collection of this type of dataset would be overkill -- too frequent for 
efficient change detection and requiring huge personnel and financial support. The “yearly” dataset 
represents the true (simulated) pH change, and is shown alongside results for rotational sampling to 
assist in evaluation of the reduced sampling plan proposed.   
Yearly sampling:  The simulation summary statistics for the wheatbelt monitored yearly capture the 
intended soil pH change characteristics (Table 4). After twenty years, the average pH across the 
wheatbelt dropped from a pH of 5.29 ± 0.85 to 4.83  ± 1.19.  The average change in pH for the region 
decreased by 0.5 ± 0.98 pH units with the high standard deviation reflecting variable temporal and 
spatial patterns.  Approximately 30% of the sites show continual loss for all 5 year periods (5, 10, 15, 
and 20 years); and 10% of the sites have maintained or increased pH across the same time period.   
Of the 403 sites, a total of 201 sites received some lime: 49 were limed once, 94 were limed twice, and 
43 were limed three times.   
 
 
Table 4:  Summary statistics for the wheatbelt; sampled every year.  The change statistics are cumulative, 
representing change over progressively longer periods of time.   
 
Wheatbelt 
After 1 
year 
After 5 
years 
After 10 
years 
After 15 
years 
After 20 
years 
 Baseline 
Change   5 
yrs 
Change 10 
yrs 
Change 
15  yrs 
Change  
20 yrs 
Average 5.29 -0.12 -0.25 -0.38 -0.49 
Std Dev. 0.85 0.34 0.54 0.76 0.98 
Minimum 3.08 -0.99 -1.66 -2.23 -3.04 
Maximum 8.95 0.93 1.48 1.91 2.14 
Conf. level 
(MDC = 0.2) 
99%+ 99%+ 99%+ 99%+ 99%+ 
Total N 403 403 403 403 403 
Sites with continual  loss 149 
Sites continually maintaining 40 
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Sampling designs 
 
 
Figure 5: Simulated change in pH, averaged over the wheatbelt  Each colour block represents the average 
change measured over a 5-year interval.  The results from the yearly sampling design is on the left (all sites 
sampled every year for 20 years) and the rotational design on the right (20% of sites sampled each year).  In the 
rotational design, the first five years are baseline pH data collection, so the first change data are taken between 
years 6 and 10, hence no grey bar on the graph for years 1-5.    
 
Rotational sampling, 5 year interval:  The simulated change dataset summarized in Table 4  was 
resampled to mimic a rotational sampling plan in which 20% of sites were sampled every year.  The 
major difference in the results from the two plans is that rotational sampling over 20 years yields pH 
change information for 15 years, because the first complete sample takes 5 years to collect.    
The rotational sampling plan returns extremely similar results to the yearly sampling plan (Table 4, 
Figure 5).  The partial baseline pH calculated in year 1 has a lower confidence level because only 20% 
of the total sites were used in the calculation, but the change data after 10 years of data collection are 
equivalent to yearly sampling.  The average change over 15 years is -0.38 ± 0.76 (yearly)  vs. -0.36 ± 
0.77 (rotational), even though the rotational sites were sampled 5-times less frequently, resulting in 
significant reduction in effort and cost.    
The data are intended for regional summaries of the status of agricultural soil pH; however, mapping 
the individual site results helps to identify patterns of acidification, magnitude of pH change, and 
possibly management differences across the region (Figure 6).   Measurements at individual farms will 
be kept confidential, but viewing the data in this way may assist researchers to better understand the 
cause and human role in soil acidification, including practical tasks such as targeting additional 
sampling locations or designing appropriate acidification educational outreach programmes for land 
managers.   
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Table 5: Summary statistics for the Wheatbelt; Rotational Sampling pattern. See Appendix A for statistics by SLZ.  
Wheatbelt After 1 year After 5 
years 
After 10 
years 
After 15 
years 
After 20 
years 
 Partial 
Baseline 
Baseline Change   
5 yrs 
Change 10 
yrs 
Change 15 
yrs 
Average 
5.34 5.29 -0.12 -0.26 -0.36 
Std Dev. 0.86 0.85 0.31 0.54 0.77 
Max decrease 3.68 3.08 -0.90 -1.59 -2.20 
Max gain 8.75 8.95 0.72 1.37 1.70 
Conf. Level 
(MDC = 0.2) 
86% 99%+ 99% + 99% + 99% + 
Total N 80 403 403 403 403 
Sites with continual loss 142 
Sites continually maintaining 40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Simulated Rotational Design:  (Upper left) 15 years of pH change measured over 20 years at the 
monitoring sites; (Upper right) the number of times each site was limed over 20 years; (Bottom) location of sites 
where pH consistently decreased, maintained, or showed variable sign changes across each of the 4 5-year 
sampling periods. 
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2.6.3 Change over Soil Landscape Zones 
The change in pH is much more variable when calculated by SLZ reflecting the natural diversity of soil 
types, their response to agriculture, and soil management efforts across the wheatbelt.  There was no 
spatial input to the simulation other than the original System or Zone level pH mean and standard 
deviation.  More spatial patterning may emerge when real data are analysed.   
The results of rotational sampling closely track the yearly changes in soil pH (Figure 7).  The two 
sampling designs do not agree over every 5 year interval (e.g. results for Zone 221 or 253), but the 
long term trend in pH is the same for both methods.  The major difference in the methods is the 
additional 5 year interval of data collection for the yearly method (grey bars, Figure 7).   
The summary statistics can be mapped by zone, potentially revealing spatial patterns of change and 
management.   
Figure 8 presents average pH change measured with the rotational sampling strategy.  Areas with 
acidification problems only become apparent after the full 20 years of monitoring.  This illustrates the 
need for long term monitoring for slowly changing soil characteristics, to detect a trend over the noise 
of regional geographic variation and management effects.   
Mapping the percent of sites acidifying or maintaining pH by Zone (Figure 9) helps to pick out Zones 
with extreme values.  For example, Zone 246 north of Esperance shows a large average decrease in 
pH (Figure 8), and none of the sites gained in pH over the three 5-year periods.  The three topmost 
zones, 232, 225, and 223, all show an average loss in pH, but 232 and 222 have a fairly large number 
of sites that showed consistent loss (232: 23-31%; 222: 41-50%) and no sites maintaining pH while 
225 has fewer sites losing (10-23%) and more sites maintaining or increasing in pH (8-15%).   The 
number of sites per zone can affect these comparisons but this type of mapping provides a helpful 
starting place for investigating the regional dynamics of soil pH change under agriculture in WA.   
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                                          Soil Landscape Zones 
 
 
 
Figure 7:  Simulated change in pH, averaged by Soil Landscape Zone (labelled at top of graph).  Each colour 
block represents the average change measured over a 5-year interval.  The two bars shown for each zone 
represent the yearly sampling design on the left (all sites sampled every year for 20 years) and the rotational 
design on the right (20% of  sites sampled each year).  In the rotational design, the first five years are baseline pH 
data collection, so the first change data are  taken between years 6 and 10, hence no grey bar on the graph for 
years 1-5.    
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Figure 8:  Rotational design:  Average pH change over 5, 10 and 15 years, during the full 20 years of the 
monitoring programme. 
 
 
 
Figure 9: Rotational design:  Percent of sites consistently acidifying (Left) and maintaining or increasing in pH  
(Right) as measured over 4 five year periods. 
5 years 10 years 
15 years 
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2.6.4 Change by different reporting units 
We calculated average pH change by DAFWA agricultural regions as an example of using the 
monitoring network with different reporting units than those for which it was designed.  As seen for the 
Soil Landscape Zones, the yearly and rotational sampling strategies give very similar results for the 
agricultural regions.  These regions are larger than most zones, therefore containing large numbers of 
sampling sites.  The minimum detectable change with 95% confidence is 0.15, 0.21, 0.21, and 1.60 
respectively for the North, South, Central, and Southwest regions.  The Southwest region contained 
only 3 sites, making its summary statistics unreliable. See Appendix A for more detailed summary 
statistics.   
                                                      Agricultural region 
 
Figure 10:  Simulated change in pH, averaged by agricultural zone.  Each colour block represents the average 
change measured over a 5-year interval.  The two bars shown for each region represent the yearly sampling 
design on the left (all sites sampled every year for 20 years) and the rotational design on the right (20% of sites 
sampled each year).  In the rotational design, the first five years are baseline pH data collection, so the first 
change data are taken between years 6 and 10, hence no grey bar on the graph for years 1-5.    
 
2.6.5 Summary 
We have documented the steps taken to design a long-term, spatially extensive monitoring 
programme to assess changes in soil pH in Western Australia.  The final design is rotational, in which 
20% of sites are sampled every year for 20 years.  This helps to spread the specialist labour 
requirements and survey costs evenly over the monitoring period.  The methods are statistically 
sound, unbiased, and have built in redundancies to ensure detection of a change of ±0.2 pH units over 
the wheatbelt with 95% confidence.  The network design is compatible with existing and planned 
international soil monitoring networks.    
A major constraint to the network is that it was based on a target population of soils vulnerable to 
acidification. This will limit its ability to answer future questions on other soil properties or soil 
functions.  As the network design was made using design-based methods it will be flexible enough to 
extend the target population to all soils and add sites to the network to address future unforseen 
questions if funding becomes available. 
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3. Sampling within a monitoring site 
We intensively sampled three sites on three common but contrasting soils in the wheatbelt of WA to 
investigate within site variability in soil pH, bulk density (BD), and soil organic carbon (SOC).  We 
evaluated the number of samples required to estimate the site mean for each soil property with 95% 
confidence and to ensure that these global statistics could be reproduced.  Detecting change in soil 
properties is easier using paired sampling sites (Papritz and Webster, 1995). This reduces variation in 
the samples due to natural spatial variability, although there will typically be some remaining 
unaccounted for high resolution variation. The results from the intensive sites will determine within site 
sampling for a regional soil degradation monitoring programme.     
The site datasets were assessed using two approaches: (1) a standard two-tailed t-test to calculate 
the number of samples required for detecting change in soil properties given prior measured 
variability, and (2) simulation to test how varying the number of samples composited affects the 
estimation of the site summary statistics.     
 
3.1  Defining a site  
A common soil monitoring approach is:  (1) to lay out a 25 m  x 25 m grid; (2) to sample every cell, or 
take multiple samples from a subset of cells; then (2) to bulk all samples to yield one sample per depth 
layer (McKenzie et al., 2002).  There are many variations on this formula.  Some use 16 m x 16 m  
(e.g. Porter and Kipling, 1992), others use a 20 m x 20 m grid (e.g. National Soil Inventory of England 
and Wales, SP0515); some lay out sampling points in the form of a “w” (Represenative Soil Sampling 
Scheme of England and Wales: SP0515 ), others use nested sites to characterise larger areas. 
The interplay between the geographic extent of the study, the site dimensions, spacing of the sites, 
and the scale of natural variability in the properties under investigation introduces bias for estimating 
statistics of the true underlying population (Western et al., 1999).  However, these effects can rarely be 
accounted for prior to data collection. The sampling design must be tailored to the analyses planned 
for the completed dataset.  Where classic statistical analyses are the purpose of data collection (e.g. 
estimation of the mean, estimating the change in the mean for a property), the samples must be 
unbiased to represent the underlying “true” population of interest.  Common unbiased sampling 
designs include: simple random, stratified random, regular (grid), nested random, nested regular.   
As an initial investigation into sampling methods, our intensive sites were defined as a 25 m x 25 m 
grid divided into 5 m x 5 m cells, and the grid nodes sampled at 0-5 cm , 5-10 cm, 10-20 cm, and 20-
30 cm depths (McKenzie et al., 2002).  At future sampling times the grid origin will be relocated, and 
the repeat samples offset by 1 metre to provide an undisturbed sample as close to the original as 
possible.  The samples were analysed for pH, bulk density (BD), and soil organic carbon (SOC).   
The three intensive sites, Mullewa, Merredin, and Tenterden (Figure 11), are in soils commonly 
cultivated in the WA wheatbelt that cover the range of variability for soil pH and SOC.  At the Mullewa 
site, BD was sampled an additional 25 times at all depth intervals plus 30-35 cm. The selected soils 
are mapped over 9% of the wheatbelt (Table 6), and represent much larger areas with similar nutrient 
and water holding capacity, and field sampling issues.     
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Table 6:  Description of mapped soils at intensively sampled sites. 
 
Site Subsystem 
map unit 
Soil 
group 
code 
Description % of 
subsystem 
map unit 
% of 
wheat-
belt 
Land 
use 
system 
Other 
Mullewa 271Pi_2 446 Yellow deep 
sand 
15 4.9 Cropping  
Merredin 258KyBR 502 Alkaline grey 
shallow loamy 
duplex  
30 2.6 Cropping Porter-
Kipling 
longitudinal 
pH study 
(1989-90) 
Tenterden 254KeCMw 301 Deep sandy 
gravel 
6 1.1 Cropping Porter-
Kipling 
longitudinal 
pH study 
(1989-90) 
 
 
 
 
 
Figure 11:  Locations of the three intensively sampled sites, and the working definition of the boundary of the WA 
wheatbelt.  
 
3.2  Determining number of samples within a site 
The soil property variability determines how many samples are needed to estimate the mean for a soil 
layer.  The average and standard deviation of the field collected data were assumed to represent the 
summary statistics of the true underlying population.  Then two statistical methods were used to work 
out the number of samples required:  
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(1)  Two-tailed t-test analysis 
The simplified equations in Saby et al. 2008 were used to calculate the required number of 
samples for each property by layer. The required inputs were the standard deviation of the 
property, the level of confidence desired, and the minimum detectable change desired.   
 
(2) Simulation of composite sampling 
The BD and SOC were collected to calculate the mass of SOC per layer.  Because the 
properties are multiplied together, the associated errors were multiplicative as well.  This 
means that the accuracies with which BD and SOC were measured were intertwined, as were 
the numbers of samples required for each separate property.  The field-collected site statistics 
were used as the basis for simulation of SOC mass calculations to explore the number of 
samples of each property needed within a site.   
 
The difficulty of sampling BD greatly increases the sampling time at a site, and hence the expense.  
Optimising the number of samples necessary for BD and SOC was critical before deciding if the 
monitoring network was viable in Western Australia. 
 
3.2.1 Two tailed t-test: calculation for required number of samples 
The minimum detectable changes (MDC) in pH, BD, and SOC required for monitoring were 
determined by taking into consideration agricultural requirements, the laboratory detection limits, and 
soil surveyor confidence in field sampling repeatability (Table 7).    
The large number of samples taken within a site is meant to eliminate spatial variability between 
sampling times, so that any differences in the measurements reflect a real temporal change.   A 95% 
confidence level was set for calculating the number of samples required per depth to be sure change 
between sampling times could be measured accurately.   
The following equation was used to estimate the number of samples (n) required to detect a change in 
a population mean over time (from Saby et al, 2008, Equation 5): 
 
n    >       Equation 2  
 
Where    y   is the minimum detectable change (MDC),  
z  is the value of the standardised Normal distribution at probability α , and 
2s  is an estimate of the variance of pH, calculated from the 25 samples per depth at 
each site.    
This equation assumes that (1) the variability of the property is the same at both sampling times, and 
(2) the correlation between two sampling times is small. These assumptions are necessary as no time  
 
 
Table 7   Minimum detectable change (MDC) determined for each soil property 
  
Soil property MDC  Limiting factor 
pH 0.2 units Twice the detection limit, and a significant decrease for cropping 
soils with mod/low pH 
Bulk density (BD) 0.1 g/cm
2
 Near the detection limit, significance unquantified 
 
Soil organic carbon (SOC) 0.2% This is in the order of 20% of top layer SOC for many wheatbelt 
soils, significance unquantified 
2
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y
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series data are available.  N is calculated for all three properties, but as previously mentioned, the 
number of samples for BD and SOC must be determined jointly for calculating SOC mass which has 
been done using simulation.  The calculation of N requires the standard deviation for each soil 
property, the MDC, and the confidence level.  Only the standard deviation varies between sites.  The 
top two layers are in general the most variable for all the properties, as we might expect based on the 
effects of bioturbation, intensive plant activity, and agricultural management occurring at or near the 
surface (Table 8).     
pH:   The Merredin site pH was extremely variable, the site possibly having been recently limed.  To 
get a reliable estimate of the mean, 114 samples are required in the surface layer over a 25 m x 25 m 
area.  The deeper layers would be adequately characterised with 25 samples.  The other sites have 
much lower variability, requiring 15 or fewer samples per site.  Of the 12 site x layer combinations 
tested, two (15%) required more than 25 samples. Regardless, the number of samples to collect at 
each site was fixed at 25 for pragmatic reasons – more cores would require much more effort at each 
site and reduce the overall number of sites.    
SOC:  Organic carbon is produced by plants and organisms near the surface where it is found at the 
highest concentrations, then generally drops exponentially with depth.  It is most variable at the 
surface, and generally becomes more homogeneously distributed deeper in the soil.  The SOC 
measurements were less variable than pH, in general requiring 5 or fewer samples.  Tenterden had 
the highest variability, gravel possibly causing higher local variability in SOC.  However, as SOC will 
be measured on the same composite sample as pH (25 samples per layer), the mean value should be 
well characterised.   
Bulk Density:  The bulk density is extremely homogeneous at Mullewa, requiring only one sample per 
depth.  The two other sites have low variability with the exception of (1) the surface in Merredin 
potentially related to agricultural management, and (2) in the deepest layer at Tenterden which had a 
large percent of gravel making BD core collection difficult and affecting the measurement of the fine 
earth fraction.  The calculations suggest 5 samples in each layer will be adequate for estimating the 
mean at most sites.  
In addition to the three intensive sites, 24 sites sampled during the first monitoring field season in 
2009/10 were used to re-assess the samples required for BD.  Five samples were taken per layer, and 
their standard deviation calculated.  The maximum number of samples required as shown by the t-test 
method across all 24 sites in the deepest two layers was 3.   The final number of samples 
recommended for each site was 5 in the top two layers, and 3 in the deepest two layers.   This is 
revisited in the following section.    
 
Table 8:  Calculated number of samples required within a site to detect the MDC at the 95% confidence level. 
Grey indicates higher N than the final recommendations for sampling.  See text for details.   *(SOC x  % fine earth 
fraction). 
 
 pH SOC* Bulk Density 
Upper 
boundary  
0 5 10 20 0 5 10 20 0 5 10 20 
Mullewa 2 2 1 2 1 1 1 1 1 1 1 1 
Merredin 114 58 14 25 5 1 1 1 7 2 3 2 
Tenterden 12 5 4 3 19 12 2 4 2 5 2 5 
 
3.2.2 Simulation of sample bulking 
Simulation is essentially a practical way of applying statistical theory.  We already used the t-test 
method to calculate the number of samples required to achieve a given MDC and confidence level.   
To extend this equation by co-varying the number of BD and SOC samples simultaneously requires 
complex maths; but conceptually this is easy – simply try every combination of BD and SOC sample 
numbers (Figure 12), try it multiple times, and see how variable the results are.  The field collected 
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data were too few to try out many combinations of sample numbers, so instead an infinitely large 
dataset was simulated.  This process was automated using a script (Splus 8.0, Insightful Corp, 2007).    
The field collected data statistics (mean, standard deviation, minimum, and maximum) were applied to 
a statistical distribution (e.g. Normal distribution) to generate an infinitely large pool of samples for 
each layer.  This was done for all properties individually, and BD and SOC jointly, in each layer at 
each site.  The process was repeated 100 times for each property to build a dataset of 100 
“realisations” that illustrate the effect of compositing different numbers of samples for estimating soil 
properties.    
 
 
Figure 12:  Conceptual diagram of the simulation for bulk density and SOC.  All possible combinations of both 
properties were tested.    
 
We assumed the layer statistics calculated from the 25 field samples represented the true underlying 
population for a layer at a site.  For those layers with a low standard deviation this is probably a 
reasonable assumption, but for highly variable layers this may not be valid.  However, it was adequate 
to explore the interdependence of BD and SOC, and determine how calculation of SOC mass is 
affected by the number of samples composited.   
The layer histograms are somewhat erratic, making it unsafe to assume the distribution of all samples 
are normal (Gaussian). We repeated the simulation assuming a Uniform distribution, which randomly 
fluctuates between a minimum and maximum value (flat line rather than a bell curve, (Figure 13) and 
compared the two approaches to assess which gave the most conservative (largest) number of 
samples required (e.g. pH:  Figure 14).   
As expected, the more samples composited, the lower the standard deviation for the layer, resulting in 
a basic decay function.  Increasing the number of samples no longer changes the results once 
standard deviation is approximately the same as the laboratory error.  For all soil properties, the 
Normal distribution resulted in a higher (more conservative) estimate of the number of samples 
required; only the results from the Normal distribution were used.   
The Merredin layer that required 144 pH samples to estimate the mean according to the t-test method 
is presented as an example of simulation.  The simulation results suggests that to achieve a standard 
deviation of less than 0.2 (the MDC), approximately 15 samples are needed, and 50 samples would 
reduce the standard deviation to the same magnitude as the laboratory error. According to these 
findings, collecting 25 samples per site is a conservative estimate of the required number of samples 
to estimate the mean change in pH between field campaigns, supporting our decision to collect 25 
samples per depth layer for monitoring.   
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Figure 13:  Examples of a (a) Normal (Gaussian) distribution and (b) a Uniform distribution, simulated from the 
Merredin pH dataset.   
 
  
 
Figure 14:  Illustration of how surface layer (0-5cm) pH standard deviation changes with an increasing number of 
samples composited at the site.  The simulation was generated assuming a Normal distribution (grey), and a 
uniform distribution (black), as well as from the original dataset  (ten realisations sampled with replacement – no 
data simulation). Dashed line is the minimum change to be detected.  
 
3.2.3 Simulation of carbon stocks    
Soil carbon stocks are the calculated mass of carbon per area to a specific depth (t/ha).  This is 
calculated by soil layer as follows:  
 
           Carbon stocks (t/ha)  = % SOC  x   BD   x   %LessThan2mmFraction    x    LayerThickness(cm) 
Simulation results are shown for te 0-5 cm depth layer at Tenterden and Mullewa, which required 
respectively many and few samples for both SOC and BD (Table 8).  The y-axis is carbon stock (t/ha) 
standard deviation as a percent of the carbon stock mean (stdev *100 / mean) calculated over the 100 
equiprobable realisations for the layer.  The x-axis is the number of SOC samples composited (Left 
graphs, Figure 15).  Changes in the number of BD samples composited are shown as lines on the 
graph, each line representing a fixed number of BD samples. A graph of the converse (Right graphs, 
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x-axis = number of BD samples composited, Figure 15) emphasises that increasing the number of BD 
samples composited has relatively low impact on carbon stock variability.   
The number of SOC samples clearly dominates the carbon stock calculation.  As the number of SOC 
samples increase, the standard deviation in carbon stocks decreases exponentially, regardless of the 
number of bulk density samples used for the calculation. At Tenterden where BD is highly variable, the 
lines representing fixed BD numbers separate as the SOC sample numbers increase, better 
characterising the true SOC mean.  However, the maximum decrease in standard deviation related to 
SOC sample numbers (from 12 to less than 2% of the mean, where NBD =75 ) is more than double that 
for BD (from 5 to 1.8%, where NSOC = 75).  
While overall SOC dominates the variability in carbon stock estimation, there is a sharp decrease in 
carbon stock variability at very low BD sample numbers (steep slope near origin, right graphs, Figure 
15).  This effect levels off at approximately 10 samples at Tenterden, and after 5 samples at Mullewa 
and shows there are no additional benefits of collecting more samples.   
There is no easy way to define acceptable error associated with carbon stock measurements. Error 
will vary considerably due to large relative errors in SOC at low values and increased difficult of 
sampling in gravelly layers.  The simulated datasets were used to gauge the effect on carbon stock 
 
 
 
 
Figure 15: Change in carbon stock (t/ha) standard deviation shown as a percent of the mean carbon stock value, 
as affected by the number of BD and SOC samples composited at a site. Top graphs are for the 0-5 cm layer at 
Tenterden, and bottom graphs are for Mullewa. Left graphs show the number of SOC samples on the x-axis, and 
right graphs show the number of BD samples on the x-axis.   
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calculations of further reducing the number of bulk density samples from 5 (see discussion of Table 8) 
to 3.  The number of SOC samples (NSOC) was fixed at 25, as this was the number determined for pH 
samples and the same composite sample will be used for SOC.  The difference in standard deviation 
for carbon stocks with NBD = 3 and NBD = 5 was computed and divided by the mean carbon stock with 
NBD = 3 (Table 9).  The change in standard deviation was less than 1% of the mean in all cases.  The 
highest values occurred in the 0-5 and 5-10 cm layers, and the effect at 10-20 cm depth was 
consistently low, and from 20-30 cm was virtually zero.  Therefore, in the monitoring program, 5 BD 
samples will be taken in the top two layers, and 3 in the bottom two layers.  As the BD monitoring 
samples are kept separate for analysis, we will periodically reassess the within site BD variability, and 
can increase the number of samples taken in the future if required.  
 
 Table 9: Evaluation of the effect on carbon stock standard deviation of reducing BD samples from 5 to 3. 
 
Site 
Depth 
(cm) 
Std dev. 
(NBD = 3) 
Std dev. 
(NBD = 5) 
Mean (NBD 
= 3) 
 Effect relative 
to the mean 
   a b c =(a-b)/c 
Tenterden 0-5 0.37 0.32 7.49 0.58% 
Merredin 0-5 0.28 0.25 4.15 0.55% 
Mullewa 0-5 0.09 0.09 3.06 0.15% 
       
Tenterden 5-10 0.36 0.31 5.17 0.85% 
Merredin 5-10 0.13 0.12 2.22 0.20% 
Mullewa 5-10 0.08 0.07 3.16 0.30% 
       
Tenterden 10-20 0.28 0.27 3.38 0.22% 
Merredin 10-20 0.17 0.17 2.08 0.17% 
Mullewa 10-20 0.16 0.15 4.76 0.09% 
       
Tenterden 20-30 0.52 0.52 1.92 -0.02% 
Merredin 20-30 0.15 0.15 1.34 0.02% 
Mullewa 20-30 0.22 0.22 3.49 0.00% 
 
 
 
3.3  Discussion 
Estimation of change in soil pH at the surface requires a fairly large number of samples per site.  
Twenty-five samples per layer will be composited for pH analysis, but in some cases this may not be 
enough samples to accurately estimate the mean at a given time.  This suggests that for pH, our target 
population may need to be defined by the mid-soil layer (10-20 cm), which is also a better long-term 
indicator of soil acidification (Gazey et al., 2007).   
Fewer samples are needed for SOC than for soil pH, and even fewer for BD for the purpose of 
calculating carbon stocks. However, although we have characterised the variability in measured SOC 
values, there are a number sources of error in SOC that are unaccounted for and very difficult to 
quantify.  For instance, how consistently is the top of the mineral soil identified?  Is all of the fine earth 
removed from gravel in the sample?  Is some of the soft gravel crushed and processed as part of the 
fine earth fraction? How are fine roots handled in processing and analysis? All of these issues will 
impact SOC measurement and increase variability at a site.     
A number of studies have drawn attention to problems calculating change in carbon stocks over time 
where compaction or expansion of the surface layers has occurred (VandenBygaart and Angers, 
2006; Murty et al., 2002; Lee et al., 2009).  If measurement of carbon in the 0-30 cm depth increment 
is desired it may be prudent to take an additional sample at 30-35 cm, or even 30-40 cm to account for 
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expansion and compaction at future sampling periods. Given the low variability in BD in the 20-30 cm 
layer, one sample is likely to be sufficient at a greater depth.   
We decided to retain the widely used 25 m x 25 m site layout largely because we do not have 
sufficiently detailed sampling across the geographic diversity of the wheatbelt to identify how changing 
site size and shape would affect estimation of regional statistics (Don et al., 2007).  Without both 
intensive and extensive sampling, it is difficult to determine spatial variability for the individual soil 
properties of interest.  By using fixed site dimensions the data will be internally consistent, will be used 
for all soil properties of interest rather than being tailored to one particular property and can potentially 
feed into future national soil monitoring efforts.   
 
3.4  Summary of recommendations for monitoring 
Within site sampling for 0-5, 5-10, 10-20, and 20-30 cm depth layers:   
 composite (bulk) 25 samples for pH (and SOC) 
 composite 5 BD samples for the 0-5 and 5-10 cm layers; 
 composite 3 BD samples for the 10-20 and 20-30 cm layers; and 
 periodically reassess the variability in BD from monitoring sites, and readjust the number of 
samples composited if necessary.   
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4. Concept development and scenarios 
Designing a soil monitoring network requires clearly defined objectives which can be translated into 
statistically testable hypotheses. However a soil monitoring network designed to address one objective 
will not necessarily be the „best‟ network to address a different objective.  For example a network 
designed to assess the status of pH across WA could be different from one designed to assess the 
status of organic carbon as these soil properties do not vary in the same way across the landscape.  
To provide the most flexible framework for assessing soil condition in the short term (5-20 years) and 
to address unanticipated needs in future years, the network must be both as general and as 
representative of natural and human-affected conditions as possible. 
The essential elements for a Soil Monitoring Network (SMN) that must be determined up front are 
(Figure 16):  
 The purpose of the monitoring 
 The target population 
 Reporting units 
 Minimum detectable change required, and  
 Confidence level desired for the analysis.  
Once these parameters are established, the steps required to calculate the necessary number of 
sample sites are relatively straight forward (Saby et al., 2008).  However, finding an acceptable 
balance between the number of sampling sites and the quality of the information gained can be 
difficult. Many iterations may be required to define the reporting units (i.e. the level of information 
required) and confidence levels acceptable to decision makers at the same time keeping sampling and 
monitoring effort within budget.     
 
 
Figure 16: Flow chart of determination of sample size and location for monitoring. Red boxes indicate major 
decisions required initially to define sampling plan. 
 
This document outlines the methodology and decision making process for designing a soil monitoring 
network in southwest WA for agricultural purposes, with the main goal of detecting acidification in 
dryland agricultural systems.   
The following pages present the decision-making framework for a hypothetical SMN; this has the dual 
intent of : 
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 Defining a transparent and scientifically defendable approach for an objective SMN design that will 
deliver results; and  
 Provoking critical analysis and discussion of DAFWA responsibilities in soil monitoring, leading to 
refinement of the scope and bounding conditions for a SMN.   
The basic criteria for defining a SMN are presented below, followed by estimation of required sample 
numbers, implications for assessing change in other soil properties, conclusions drawn from this 
preliminary analysis, and recommendations for the next stage of SMN planning.   
 
4.1 Elements of a soil monitoring network 
4.1.1 The monitoring purpose 
The aim is to evaluate the extent to which the WA farming industry is maintaining the quality of its 
resource base, as indicated by the stability of soil pH and possibly soil organic carbon (SOC).   
The potential clients are the Western Australia Department of Agriculture (DAFWA), and agricultural 
industries.  While both pH and SOC are of critical importance for soil condition, acidification is 
considered a larger risk (potentially approaching that of salinity) for Australian soils in the next few 
decades.  For this reason the SMN will be planned to evaluate change in pH, and evaluated for its 
potential to assess change in SOC.   
The purpose of this monitoring network, defined as a statistical query, is whether the mean pH within a 
reporting unit is changing over time.  
The focus is on statistically significant change in the population mean, rather than at individual sites.  
Establishment of the baseline and monitoring sites ideally would cover all soils and all land uses in the 
West Australian agricultural region. However, the cost of sample collection and analysis is high so the 
SMN will be limited to dry land cropping areas at this stage.   
 
4.1.2 Minimum detectable change (MDC) 
The sampling plan will be designed to detect a minimum change of 0.2 pH units in the surface soil (0 -
10 cm) with two confidence levels (95% and 80%). A regional decline in pH of this magnitude would 
indicate significant resource deterioration and raise a red flag for state and regional agricultural 
organisations to increase extension efforts in acidification management.   The laboratory detection limit 
is 0.1 pH unit.  
 
4.1.3 Confidence levels 
The confidence level 100(1- α )% determines the probability α  that a significant change in pH will be 
reported when no such change has occurred. The two confidence levels will be assessed to allow the 
cost of being wrong to be included in discussions as to the number of sites to be chosen. It is 
important to stress that designing the scheme with a  confidence level of 80% to detect a change will 
mean that this monitoring network will have a 20% chance of saying there is a significant change in pH 
when there is not!   
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Table 10: The following specifications were tested for effect on sample size and distribution required to detect a 
0.2 pH unit change. 
 
Population Reporting units Confidence levels Performance for  
other properties 
All soils (cropping 
land) 
Supergroups 95% SOC  
Soils vulnerable to pH 
change 
Soil Landscape Zones 
(SLZ) 
80% pH at 10-20 cm 
pH at 20-30 cm 
 
4.1.4 Target population 
The target population for assessing change in soil acidity through time in the most general sense is all 
land under cropping rotations in south-western WA. Although still highly generalised, this helps to limit 
the scope of the change detection.  It reduces the variability of pH and thus reduces the sample 
numbers required.  It excludes the rangelands, urban areas, crown and nature reserves, remnant 
vegetation, water bodies, highly saline lands, and the highly mixed land-use high rainfall zones (Figure 
2, Figure 3). The excluded areas have been removed from the study by masking with the DAFWA 
Landcover dataset (version 6), and a derivative of the Landmonitor salt affected area map (classes 1-
3), which also exclude native vegetation, urban areas, etc.  
Two soil populations will be explored for detection of pH change within land in broad acre farming 
systems:   
 all soils, and  
 only those soils considered particularly vulnerable to changes in pH due to low pH buffering 
capacity.   
 
 
 
Figure 17: Soil Landscape Zones (SLZ) selected (grey) for monitoring soils used for broad-acre farming systems. 
This represents the first stratification used to reduce areas monitored. 
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Figure 18:  Area defined for sampling for Soil Landscape Zone (SLZ) 258 only; native vegetation, reserves, water 
bodies, strongly salt affect areas, and urban areas have been masked out. 
 
All soils 
Once the area has been masked to better represent the target population, all soils are considered for 
sampling.  The proportion of samples allocated by reporting unit are determined through analysis of 
soil pH variability.  By including all soil types, a large number of sites will likely fall in soils where the 
pH is well buffered (e.g. soils in alkaline parent materials), and in highly acidic areas where pH is 
unlikely to rise significantly with changes in land management (e.g. waterlogged soils).  However, this 
will greatly increase the flexibility of the SMN for future investigations regarding a much wider range of 
soil properties besides pH.   
Vulnerable soils only   
Limiting the target population to those areas vulnerable to pH change helps to eliminate soils less 
likely to show change over short time periods and reduces the potential sample size. Soil vulnerability 
to pH change is defined by the inferred pH buffering capacity by WA Soil Group (Schoknecht 2002).    
In the profile database, the soil group assigned to each profile was used to define a “vulnerable” 
population to evaluate pH variability by soil landscape zone and other reporting units.   The final site 
selection is weighted toward subsystems likely to contain a large percentage of vulnerable soils 
(Figure 4). 
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Table 11:  Soil groups designated as vulnerable to changes in pH based on inferred low pH buffering capacity. 
 
WA soil groups classified as vulnerable to acidification 
Acid shallow duplex Grey shallow sandy duplex Reticulite deep sandy duplex 
Acid yellow sandy earth Ironstone gravelly soils Supergroup Sandy duplexes Supergroup 
Brown deep sand Pale deep sand Sandy earths Supergroup 
Brown sandy earth Pale sandy earth Shallow gravel 
Deep sands Supergroup Pale shallow sand Shallow sands Supergroup 
Deep sandy gravel Red deep sand Yellow deep sand 
Duplex sandy gravel Red deep sandy duplex Yellow sandy earth 
Gravelly pale deep sand Red sandy earth Yellow/brown deep sandy duplex 
Grey deep sandy duplex Red shallow sand Yellow/brown shallow sand 
 Red shallow sandy duplex Yellow/brown shallow sandy duplex 
 
 
  
 
Figure 19:  Subsystem level soil map units in soil landscape zone 258 colour coded by the percent of the area 
occupied by vulnerable soils, as defined in Table 15.   
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4.1.5 Reporting units 
Two sets of reporting units were evaluated:   
 DAFWA Soil Landscape Zones (SLZ) and  
 “Supergroups” of SLZs amalgamated according to variability in soil pH recorded in the soil profile 
database.  
The SLZs capture soil variability relating to the regional geology, geomorphology, and climatic gradient 
in southwestern WA, and are physically meaningful units for assessing spatial and temporal variation 
in soil pH.  However, the size of zones varies widely and this can strongly affect sample distribution as 
discussed below (see Table 24 for Zone areas).   
Three Supergroups of roughly equal area were formed from the SLZs by grouping zones with similar 
standard deviation of soil pH. Geographic location of the zones was not taken into account.  
 
4.1.6 Desktop analysis of soil pH variability 
Where available existing soil data bases were used to calculate soil pH variability and variability of 
change in pH (Table 3).  Standard deviation in soil pH was calculated for various stratifications of the 
database, such as for Soil Landscape Zones, all soils, and vulnerable soils only.  This was needed to 
calculate the number of samples required to detect a change at a given confidence level (next 
section).  
 
Table 12:  Soil pH database analysis for assessing the spatial and temporal variability in pH. 
 
Project N Area covered Time series? 
DAFWA soil surveys 
(profile data) 
62 000 100s sq km No (mixed) 
Precision SoilTech 
database 
7000 1000s sq km No (mixed) 
4000 1000s sq km Yes, varied  
300 10s sq km 7 year interval 
Porter-Kipling dataset 150 20 sq m  Yes – 1 year interval 
Morawa intensive 
sampling site 
50 @ 0-5 cm 
50 @ 5-10 cm 
25 sq m No (Nov, 2008) 
 
4.1.7 Calculating the number of samples required (N) 
The critical analysis for designing the SMN is to determine the number of samples required to detect 
change in soil properties at a certain probability or significance level.  The following equation is used to 
calculate the number of samples (n) required to detect the defined amount of change (0.2 pH units) at 
a certain confidence level (95%, 80%) (Saby et al, 2008, equation 5):  
 
n >         Equation 1 
 
where    y  is the minimum detectable change (MDC),  
z is the value of the standardized Normal distribution at probability α ,  
2s  is an estimate of the variance of pH.    
2
222
y
sz
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This equation requires several assumptions to be made: it assumes that the variability of pH does not 
change over time and that the correlation between two sampling times is small. These assumptions 
needed to be made as data on the variability of change in pH were not available across the whole of 
the area of interest as most sites have only been sampled on one occasion. Please refer to Appendix 
B for more detailed statistical information and discussion of these assumptions.  
The estimate of n is conservative because it assumes no correlation between sampling times, 
whereas we would realistically expect a positive correlation which would reduce the estimate of s
2
 thus 
reducing the number of samples required for the detection of change.  
Three major sources of error are taken into consideration for determining the number of samples 
required:   
 laboratory analysis error (+/- 0.1 pH unit, Chemistry Centre WA) 
 sampling error (assessed here), and  
 within site variability (determined from experimental studies and a review of the literature).   
The laboratory analysis affects the minimum detectable change (MDC); the sampling error determines 
the number and distribution of sampling sites and the within site variability will dictate the number and 
distribution of samples for bulking at a site.  The variability from all three sources is accounted for in 
the estimate of variance used in Equation 1.   
The measurement of change through time requires consideration of how the different types of error 
interact.  While the variance due to laboratory error is additive, the variance due to sites and sampling 
error is not additive if there is a correlation between values taken at subsequent times.   
 
4.1.8 Flexibility of the plan  
The final sampling design(s) for assessing soil acidification are evaluated for monitoring soil organic 
carbon content.  This is determined by reorganising Equation 1 to solve for the minimum detectable 
change (y) (Equation 3 in Saby et al 2008):  
 
y =      Equation 3 
 
where   
z
is the value of the standardized Normal distribution at probability α ,  
2s is an estimate of the variance of pH from existing data sources, and 
n   is the number of samples for a given reporting unit.   
 
The inputs to the equation are the variability in SOC from the soil profile database, the confidence 
levels (95% and 80%), and the number of samples (N) determined for change detection in soil pH.  
The result is MDC for SOC and illustrates the ability of the SMN designed for pH for monitoring 
changes in SOC.    
A similar technique can be used to assess a particular monitoring design for reporting on change in 
different reporting units.  For example, if the network was designed for monitoring change in pH over 
SLZs, that plan could then be assessed for how well it performs in terms of the detectable minimum 
change in community catchment council areas or natural resource management regions.  The MDC 
will vary because the new reporting units will have different levels of pH variability (s
2
), which can be 
calculated for different confidence levels.  
 
n
sz
22

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4.2 Sample site distribution 
Once the number of samples required has been determined, it still remains to choose specific sites 
within reporting units at which to collect samples, and to define the within-site sampling procedure. 
Methods for site selection will vary depending on the defined population to be sampled. The general 
principles are outlined below for a monitoring program of all soils and vulnerable soils only.   
4.2.1 All soils 
The sites must be randomly selected within the reporting units to meet the statistical requirements of 
lack of bias.  There are two ways this could be done. 
 
 Random selection of nodes from a grid stratified by reporting unit:  Define a 1 km x 1 km grid 
across the area of interest, and randomly select grid nodes within reporting units for the 
required number of sampling sites. An appropriate site located as close as possible to the 
selected grid node location would be visited, and the exact location recorded in the field with 
DGPS. 
 
 Random selection of nodes from a grid stratified to be representative of the basic 
environmental gradients understood to drive soil formation (e.g. climate, relief).  A potential 
method for this is Latin hypercube sampling based on ancillary digital datasets (Minasny and 
McBratney, 2006). 
An alternative unbiased way of allocating the sites across the wheatbelt is to set up a square 
(or triangular)  regular grid with an edge length determined to give the same total number of sites 
across the whole region of interest with some extra sites to ensure all reporting classes are covered.  
The nodes of the grid will be the sites but if they fall outside the area of interest a protocol for moving 
to a suitable site will be set out. A regular grid can give a small bias to the results if the spacing 
coincides with patterns of soil variability, but it gives much greater flexibility if the reporting units should 
change and if the samples are sufficiently numerous also gives the possibility of mapping change in 
pH. 
 
4.2.2 Vulnerable soils  
To target areas with a high likelihood of having vulnerable soils present, the existing soil survey maps 
will be used to allocate sites within the reporting units.  The best information available on locations of 
specific soil types is the DAFWA Subsystem Soil Map and Database which supplies the percent area 
of each soil type present within a map polygon.   
Soil map units typically contain a number of soil associations.  The subsystem polygon area will be 
multiplied by the percent cover of vulnerable soils, creating a weighting factor to adjust the probability 
of subsystem polygons being selected for sampling.  The number of sample sites are randomly 
allocated to subsystem polygons, with the probability of selection proportional to the area of vulnerable 
soil within each polygon. The weights may need to be adjusted again for large polygons with 
significant areal coverage of vulnerable soils which might be inadvertently removed using percentage 
alone.  To ensure the sample sites represent the intended sample population, the final location will 
have to be determined in the field by an experienced soil surveyor.  All sites will be selected to fall 
within a single management unit (i.e. paddock), at a specified distance from fence lines, roads or other 
non-agricultural landuse.    
 
 
4.3 Sampling within sites 
Pilot sites will be established to trial site sampling methods and develop lines of communication with 
laboratories (intensive sites: Mullewa, Merredin, Tenterden).  
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A set of rules will be developed for objectivity and consistency between surveyors for targeting the 
correct population of soils.  These will be based on McKenzie et al. (2002) recommendations, 
experience of international efforts in soil monitoring, and local calculations of pH within soil types 
(intensive sampling sites, Porter-Kipling dataset).   
The concept of a soil monitoring site is a plot of land nominally 25 m x 25 m. The following “rules” will 
be followed for intensive sampling of three pilot sites in the wheatbelt to investigate spatial variability in 
soil pH and SOC prior to finalisation of the monitoring plan.  The within site sampling method is as 
follows:   
 
 The SW corner of each soil monitoring site is georeferenced with a standard GPS, GDA94 
AMG zone 50 or 51 and the sampling grid is laid out from there 
 
 Each grid cell is 5 m x 5 m ( = 25 sampling cells). At each time of sampling one sample 
(observation) will be taken from each grid cell 
 
 Number of sub-sites is 25 x 1 = 25 
 
 Each sampling point (observation) is sampled at four depth intervals, 0-5, 5-10, 10-20 and 20-
30 cm  
 
 Number of depth intervals = 4 
 
 Total number of samples per site = observations x depths = 25 x 4 = 100. 
For routine monitoring purposes these samples will be bulked by depth prior to analysis.  However, as 
a preliminary investigation of the within site variability, three sites (Morowa, Merredin, and Tenterden) 
have been sampled as above and all samples at each site analysed individually for BD, pH, and soil 
organic carbon (SOC).  These data will be used to give an indication of the number of samples that 
need to be taken at each monitoring site (and pooled) to „allow for‟ the variability within site. Only an 
indication can be made as the within-site variability will vary across the area of interest. 
Additional issues to consider include conventions for placement and orientation of the sample grid, 
time of year of sampling, bulk density sample collection, and the suite of lab measurements to be run.       
 
4.3.1 Individual sample collection 
At each sample location within a site a hand dug mini excavation to 30+ cm will be made.  Bulk density 
rings will be taken and each layer as sampled will be individually bagged, dried at 40 
0
C to a constant 
weight prior to delivery to CCWA. The number of bulk density samples per site required is currently 
being investigated: 
 Soil samples will be taken for each layer and these put into a bulked sample bag (one for each 
layer) and taken back for analysis  
 The  >2mm (coarse) fraction will be sieved and weighted, and placed to one side 
 The < 2mm material will be split into a 50 g sample to be sent to CSIRO Adelaide with the balance 
to be retained for CCWA analyses and archiving 
 A backhoe pit description of will be made (McDonald et al 1990) at each site using and samples 
for each horizon sent to either Chemistry Centre of Western Australia (CCWA) for detailed 
chemical analysis (McKenzie et al 2002, p 70). A subsample may be sent to CSIRO Adelaide for 
MIR carbon analysis 
 1.5 – 2.0 kg of soil will be air dried and stored in airtight plastic containers with the sample ID on a 
label in the inside and marked on the outside. These samples will be added to the state and 
national archive.  
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4.3.2 Laboratory analyses  
CCWA will undertake the analyses. Each sample will be analysed for pH using 1:5 soil:CaCl2 (0.01M) 
solution as per Rayment and Higginson (1992). pH buffering capacity by the titration method will be 
determined on 10% of samples. LECO will be used for SOC. The flow diagram (Appendix C) shows 
planned number and destination of samples for the pilot sites. 
 
 
4.4 Results and Discussion 
The number of samples (N) required to detect a 0.2 unit change in pH varies enormously, depending 
on how the population to be monitored is defined and the criteria set for detection of change.  N has 
been calculated for:  
 Two reporting units (SLZs and Supergroups) 
 Two soil populations („All soils‟ and „Vulnerable soils‟), and  
 Two confidence intervals (95% and 80%).   
A summary of the total N calculated for these scenarios is provided in Table 13. Only summary 
statistics are shown in the main body of this report for ease of discussion, and tables showing a more 
detailed breakdown of the sampling numbers are presented in Appendix D.   
 
Table 13  Summary of the total number of samples required  for a range of selection criteria. These are by design 
an overestimate, as the correlation of samples across two or more sampling intervals is unknown. 
 
Reporting units Population N1 =95%CL N2 =80%CL N1 = 95%CL 
equivalent grid size 
(km) 
N2 = 80%CL 
equivalent grid size 
(km) 
Soil Landscape 
Zones 
All soils 
2977 1269 
8 12 
 Vulnerable 
soils 2138 908 
  
Supergroups All soils 493 210 20 30 
 Vulnerable 
soils 298 127 
  
 
 
4.5 Desktop analysis of change in soil pH over time 
Assumptions had to be made concerning the variability in pH measurements through time for a wide 
range of soil types in order to estimate N for monitoring change.  The major assumption was that the 
variance of the change in pH through time is equal to twice the variance of pH measurements at time 
zero (Saby et al 2008).  This assumes there is no correlation between time T0 and time T1 in pH 
variability, and results in a conservative estimate of N as there is generally some level of correlation 
between the two sampling times.   
There are few data on the magnitude of change in pH experienced over time in Western Australia, but 
some case studies do exist. These were used to calculate the correlation between samples taken at 
two different times, and estimate the effect of the above assumption for the calculations of N.  The 
Porter Kipling data were collected only 1 year apart, and as such as not as helpful in determining the 
magnitude of correlation in pH measurements through time.   
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A commercial dataset collected in the Gabby Quoi Quoi Catchment (SLZs 256 and 258) by Precision 
Soil Tech measured pH at over 250 sites on two occasions 7 years apart. 
The standard deviation of change in pH was estimated from this data directly, and again using only the 
initial pH for both defined target populations (Table 14). The correlation between pH values was 
approximately 0.3 over 7 years for the vulnerable soils and approximately 0.4 for all soils in this 
dataset.   It can be seen that the standard deviation of change in pH is slightly overestimated using the 
assumptions on which Equation 1 is based. This confirms that the estimates of N calculated using 
Equation 1 will be conservative, and that the confidence of detecting a 0.2 change in pH with N 
samples will be higher than those stated.   
 
Table 14:  Standard deviation of change in pH, calculated on the AgLime dataset.  N is the number of samples 
with data at T0 and T1 used to calculate standard deviation. 
 
Soil type Mean change in 
pH over 7 years 
N Actual standard 
deviation of pH 
change 
Standard deviation of pH change estimated 
using standard deviation of pH at T0 
Vulnerable 0.33 142 0.550 0.572 
All soils 0.32 287 0.547 0.665 
 
Reporting units 
Soil Landscape Zones are irregularly shaped and sized polygons designed to capture the natural 
variation of soil forming processes across southwestern WA (see Appendix D for list of areas).  
Differences in the area of SLZs create highly irregular sampling densities, from 12 to 403 sites per 
zone for all soils in a SLZ (Table 19).   
“Supergroups” were defined by grouping the SLZs based on pH standard deviation, as calculated from 
the soil profile database (~ 50,000 samples) to create fewer large units of roughly equal size (Figure 
20). These statistically preferable reporting units were evaluated as a second reporting unit scenario.  
Zone 1 has the highest standard deviation, interpreted as the most variable soils or soil treatments 
(s.d. 0.833), Zone 2 has the second highest standard deviation (s.d.0.725), and Zone 3 has the lowest 
(s.d. 0.579). The statistics for each zone are available in Appendix E.  
The more numerous, physically smaller SLZ reporting units require an order of magnitude more 
samples than the Supergroups (Table 4).   The total number of samples required drops if the variance 
of the target population is reduced by limiting the analysis to only vulnerable soils.  
In this exercise, limiting monitoring to vulnerable soils reduces N by one quarter for SLZs and by one 
third for Supergroups. N was reduced by over a half by lowering the confidence level for detection of 
change from 95% to 80% (see columns for N1 and N2 in Appendices D and E).  
Selecting SLZs as the reporting unit guarantees that all zones are sampled adequately for detecting 
change in pH, but requires thousands of sites to be sampled.  The Supergroups require fewer 
samples, but are non-contiguous regions based solely on analysis of a legacy soil profile database, 
and may not provide sufficient detail for natural resource management action.   
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Table 15: Summary of sampling sites required for individual reporting units. The total N by Supergroup was 
determined, then distributed into SLZs proportional to zone area. 
 
Reporting Unit All soils Vulnerable soils 
Soil Landscape Zones N1 N2 N1 N2 
min 12 5 13 5 
max 403 172 376 160 
median 116 50 65 28 
Supergroups     
Min* 1 0 0 0 
max 256 109 123 53 
median 8 3 5 2 
 
 
Figure 20:  Stacked histograms of Soil Landscape Zone soil pH divided into Supergroups based on standard 
deviation of pH.  A:  Supergroup 1, most variable; B: Supergroup 2, moderately variable; and C: Supergroup 3,  
least variable. 
 
4.6 Adequacy of the SMN for detecting change in SOC 
Once the sample numbers needed for detecting changes in soil acidification were established 
(Appendices D and E) their performance for detecting change in SOC was assessed.   
The minimum detectable change in SOC by reporting units was determined using Equation 2, given 
the soil database calculations of SOC variance, the N determined for detecting change in pH, and two 
confidence levels.  The database measurements were collected as part of the soil survey process, and 
are not purpose-selected for assessing SOC variability or distribution.  The sample numbers are low 
for some reporting units, in fact 15 of 25 SLZs have 3 or fewer SOC measurements which may lead to 
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bias in the MDC assessment (see Appendix D). However, these are the best data available that cover 
the full area of interest.    
The MDC in SOC given N determined for detecting change in pH is generally less than 0.2% SOC 
(Table 20), although MDCs for individual SLZs can be as high as 0.9% SOC.  Given the extremely low 
SOC soils in WA, this translates to median MDC of approximately 10% and higher than the initial level 
of SOC, and a maximum of more than 60% change in value from initial SOC levels (Table 17).   
The MDC calculations for Supergroups show similar patterns as for SLZs.  Note, however, that the 
standard deviations in SOC by Supergroup show the opposite trend from standard deviation in pH.  
For SOC, standard deviation is highest in Supergroup 3, then Supergroup 1, and lowest in Supergroup 
2 for all soils and vulnerable soils only (Table 18).  This suggests that a SMN designed for pH patterns 
may not readily support monitoring of significant changes in SOC, and by inference other soil 
properties depending on the similarity of their variability and spatial distribution to soil pH. 
 
 
Table 16:  Detectable change reported as change in %SOC.  These numbers can be used to judge the total 
magnitude of change in SOC that can be detected using a particular sampling plan, using Soil Landscape Zones 
as reporting units. 
 
 All soils Vulnerable soils only 
 N1* N2* N1* N2* 
 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
Min 0.02 0.013 0.031 0.02 0.013 0.008 0.02 0.013 
Max 0.592 0.387 0.898 0.587 0.606 0.396 0.931 0.608 
Mean 0.20 0.13 0.31 0.20 0.21 0.14 0.32 0.21 
Median 0.173 0.113 0.267 0.175 0.153 0.1 0.234 0.153 
*N1 and N2 are the sample numbers required for detecting change in pH, as summarised in Table 14 and 
Appendix D 
 
 
Table 17 Detectable change reported as percent change from mean %SOC.  These numbers can be used to 
judge the relative change in SOC that can be detected using a particular sampling plan, using Soil Landscape 
Zones as reporting units. 
 
 All soils Vulnerable soils only 
 N1* N2* N1* N2* 
 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
Min 4.98 3.23 7.71 4.98 2.18 1.34 3.36 2.18 
Max 37.77 24.67 58.30 38.21 38.84 25.42 59.38 38.76 
Mean 16.07 10.50 24.63 16.09 14.94 9.75 22.94 14.98 
Median 12.51 8.16 19.22 12.52 12.88 8.44 19.72 12.88 
* N1 and N2 are the sample numbers required for detecting change in pH, as summarised in Table 14 and Appendix D 
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Table 18   Minimum Detectable level of change of SOC (%) in all soils and vulnerable soils only for each 
Supergroup based on the number of samples given in Appendix E  
 
 Super 
Group 
N used for 
St Dev 
OC% 
Mean 
OC St 
Dev 
MDC 95% on 
N1* 
MDC 80% on 
N1* 
MDC 95% on 
N2* 
MDC 80% on 
N2* 
 All Soils 1 118 1.24 0.828 0.138 0.09 0.211 0.138 
2 335 1.44 0.72 0.17 0.111 0.26 0.17 
3 272 1.63 1.43 0.449 0.293 0.69 0.451 
 Vulnerable           
soils 
1 36 1.05 0.9 0.216 0.141 0.33 0.216 
2 98 1.38 0.702 0.194 0.126 0.297 0.194 
3 154 1.51 1.219 0.422 0.276 0.65 0.425 
 
 
 
Table 19:  Detectable change reported as percent of mean %SOC; for comparison with those calculated for SLZs. 
 
 All soils Vulnerable soils only 
 N1 N2 N1 N2 
Supergroup 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
MDC 
95% 
MDC 
80% 
1 11.11 7.25 16.99 11.11 20.51 13.39 31.34 20.51 
2 11.77 7.69 18.01 11.77 14.05 9.12 21.51 14.05 
3 27.58 18.00 42.38 27.70 27.97 18.29 43.07 28.16 
* N1 and N2 are the sample numbers required for detecting change in pH, as summarised in Table 14 
and Appendix E. 
 
 
4.7  Methods for selecting sample sites 
The sample sites for statistical analysis of change through time should be randomly located. This can 
be done in a variety of ways, several of which are explored here for a single SLZ, Zone 258.  
Examples are included for distribution of N samples determined for SLZs and Supergroups, all soils 
and vulnerable soils, and 95% and 80% confidence levels.   
Four methods of site distribution are shown:   
 Simple random 
 Stratified random 
 Random selection of soil subsystem map units weighted by % areal coverage of vulnerable soil 
types, and  
 Systematic grid sampling.   
The values of N used are from tables in Appendices D and E detailing N by soil zone.    
 
4.7.1 Simple random sampling   
This is an easy procedure but there is the risk that physiographic features may not be selected if N is 
low (Figure 21).   
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4.7.2 Stratified random sampling 
Important environmental gradients affecting soil development were selected, namely 30 year average 
of annual rainfall, valley bottom flatness (indicator of landform position), and a wetness index 
(integration of local slope conditions).  The random sampling was then conditioned on these datasets 
so that the group of sampled sites would reproduce the distributions (histograms) of the full coverage 
environmental datasets. This ensures that while the samples are random, they are “representative” of 
the region as a whole in terms of key environmental gradients (Figure 22).  
A comparison of the distributions in environmental variables at the sample sites illustrates the 
difference between these methods of locating sampling sites (Figure 23, Figure 24).  In Figure 23, the 
histograms of all 1 km grid points, those selected using simple random method, and those from the 
stratified random method are presented.   
The histograms from the stratified method very closely approximate the original distribution while those 
chosen through simple random selection show some irregularities, although these begin to disappear 
if there are a very large number of samples (see examples in Figure 24).  The difference is most 
obvious in the tails of the distribution which are extreme values but are often critical in controlling 
threshold behaviour in natural systems.  Note in particular the tails of the precipitation and wetness 
index histograms.  Lower values are not well represented by simple random samples, and the upper 
tail appears to be over represented in both cases.   
As WA is likely to be experiencing a drying climate, this type of bias in the SMN may negatively impact 
the analysis of change in soil properties and identification of the need to adapt management.    
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Figure 21:  Sampling all soils (SLZ 258 only), random site selection for a 0.2 change in pH at a confidence level of 
(a) 95% for SLZs, (b) 80% for SLZs, (c) 95% for Supergroups, and (d) 80% for Supergroups. 
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Figure 22:  Sampling all soils, stratified random site selection (Latin hypercube sampling based on wetness index, 
valley bottom flatness index, and average annual precipitation, 30 year record). 
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Figure 23: Comparison of distributions at the selected sample locations for SLZ N1 of wetness index, valley 
bottom flatness, and precipitation.  The shape of the graphs rather than actual values are the focus.   
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Figure 24:  Comparison of the wetness index histograms used to stratify sample site selection for the  final  
sample sizes.  Random sampling (left column); stratified sampling (right column).  Histograms of wetness index 
for all 41695  1 km grid nodes in SLZ 258 shown at top, then from top to bottom:  SLZ N1, SLZ N2, Supergroup 
N1, Supergroup N2. 
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4.7.3 Random selection of subsystem polygons for sampling vulnerable soils     
Because the proportion of vulnerable soils in the polygons was used to weight their selection for 
sampling, many of the same (high percent vulnerable soil) polygons appear in different versions of the 
sampling plan (Figure 25). This is the only way to focus sampling efforts on areas with particular soil 
types, but does limit the representativeness of the SMN for other potential investigations using the 
same sites or archived samples.   
 
 
Figure 25:  Sampling only soils vulnerable to acidification, using DAFWA Subsystem scale map units for sample 
site selection. Random selection of polygons weighted by the percent of vulnerable soils contained. 
 
4.7.4 Systematic grid sampling   
Grid sampling is generally the preferred method for objective sampling of environmental space.  The 
even distribution of points and full geographic coverage supports mapping the final monitoring results.  
However, if the number of samples is small, the grid spacing will be very large, and important areas 
may not be sampled or if the spacing coincides with natural landscape patterns, bias may be 
introduced.  In this example, a systematic grid was placed over the full area of interest, and a grid size 
chosen to meet the requirements of N as defined in Table 4.  The area was not masked to avoid non-
agricultural land as was done in the previous examples.  The systematic grid approach is not advised 
for targeting specific soils, such as only those classed as vulnerable to acidification.   
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Figure 26:  Examples of systematic sampling using grid resolutions to approximate the sample numbers needed 
for statistical significance for all soils at two confidence levels (see Table 4). 
 
 
4.8 Local sampling within a site  
Once a site location has been chosen, the local conditions must be assessed and the final site 
location determined.  A protocol will be determined to move sites to agricultural land (Figure 27) as the 
masking process is performed at a fairly coarse resolution (25m pixels).  The final site location will 
then be recorded using DGPS, and those X,Y coordinates will mark the south-west corner of the 
actual 25  x 25 m sampling grid.   
In the case of sampling vulnerable soils only, the Subsystem maps do not map out soil type explicitly.  
Therefore, several potential sampling points will be located within each selected polygon, and the 
survey will chose the first of these that meet the defined criteria for vulnerable soil (Figure 13).  This 
will require experienced soil scientists on the soil monitoring team for the first sampling.  Again, the 
final site selected will be located using DGPS, and the XY coordinates will mark the south-west corner 
of the final sampling grid. 
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Figure 27:  Site selection from a defined point.  Protocol will be defined for how to offset the site from the specific 
coordinates defined prior to field investigation.  Inset shows the sampling grid, 5 x 5 m cells. 
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Figure 28:  Site selection for vulnerable soils, based on selection of subsystem polygons. (a) shows a broad view 
of the area, with multiple polygons selected for sampling covering a range of probabilities of finding vulnerable 
soil; (b) a single polygon for sampling, shown overlaid on an air photo; (c) The same polygon with areas that fall 
within the sampling mask shown in light yellow; and (d) the sampling grid at the final selected site location.  This 
approach of using the soil map units to drive sample location will require the soil surveyor to identify those areas 
in the polygon of vulnerable soil.  Specific protocols would be designed for this. 
 
 
4.9 Conclusions  
This report explores the issues involved in designing a soil monitoring network for soil pH in the 
cropping areas of WA based on a Minimum Detectable Change (MDC) of 0.2 pH units. Further, it was 
considered whether a SMN for pH might also serve as a SMN for SOC.  
 It is relatively easy to determine the number of sites required for monitoring changes in soil 
properties through time using a conservative estimate of N for measuring significant change.   
 The selection of reporting units is critical to the design process as it will only be possible to 
generate maps of change based on these units.  
 Soil Landscape Zones may not be ideal reporting units as they are variable in size and large in 
number which drives N into the thousands for higher confidence levels of detecting change.    
 Supergroups produced more reasonable numbers of sites for logistical and financial purposes, but 
are not ideal for reporting units as they correspond with neither geographic patterns of soil 
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variability nor political units, and are quite large in terms of mapping the results which means that 
not a lot can be inferred about management. 
 A systematic grid would give the most flexible design and as it would not be tied to reporting units 
it would allow maps to be generated.  A grid size of about 8 km equates to the highest number of 
sites suggested by the SLZ approach. Larger grid sizes would be an option.  
 The two main options for the target population discussed were to consider sampling all soils within 
broad acre farming areas, or only those soils vulnerable to acidification.   
 The analysis of MDC with SMN plans designed around acidification suggest that limiting the 
monitoring to soils vulnerable to acidification will severely limit the flexibility of the SMN for 
alternative investigations.   
 If all soils are the final target for monitoring, then perhaps the final SMN could be tested for its 
adequacy in detecting changes in vulnerable soils which could potentially be monitored more 
frequently.  
 The SOC data available in the DAFWA soil profile database are limited and may lead to biased 
assumptions about the general soil population but it is the best information available to date for 
assessing SOC variability.   
 The SMN design based on soil pH does not appear to satisfy requirements for monitoring changes 
in SOC, and would only be able to detect large changes. 
 It is necessary to consider what the MDC should be for SOC particularly since it is not clear what 
SOC percentages are important given the low SOC content of most WA soils.   
 The within-site sampling methods will be largely borrowed from the literature, and adjusted based 
on the data collected from the intensively sampled pilot sites investigated as the first phase of the 
SMN design.     
 On an opportunistic basis it may useful to set up „paired‟ bush sites as controls to get an 
approximation as to how much influence agriculture is having on soil pH.  
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Appendix A:  Summary statistics of 20-year pH change 
simulation  
 
Table 20: Yearly sampling: Summary statistics for simulation by soil landscape zone 
 
Zone N 5 years change 10 years change 15 years change 20 years change 
  
Avg. Std 
dev 
Conf. 
level 
Avg. Std 
dev 
Conf. 
level 
Avg. Std 
dev 
Conf. 
level 
Avg. Std 
dev 
Conf. 
level 
220 13 -0.36 0.25 99% -0.75 0.45 91% -1.04 0.69 74% -1.32 0.73 70% 
221 13 -0.05 0.30 99% -0.07 0.58 81% -0.13 0.86 63% -0.19 1.16 49% 
222 10 -0.22 0.42 89% -0.52 0.63 71% -0.82 0.86 56% -0.97 1.05 48% 
223 11 0.04 0.23 99% -0.23 0.26 99% -0.30 0.47 87% -0.42 0.58 77% 
224 13 -0.24 0.32 100% -0.38 0.61 79% -0.51 0.96 57% -0.77 1.17 49% 
225 15 0.00 0.41 96% -0.19 0.62 81% -0.20 0.83 68% -0.34 1.18 52% 
226 30 -0.11 0.36 99% -0.29 0.59 95% -0.38 0.85 83% -0.45 1.07 72% 
227 23 -0.13 0.25 99% -0.16 0.42 99% -0.29 0.59 91% -0.44 0.85 77% 
231 10 -0.23 0.43 88% -0.40 0.70 66% -0.68 0.88 55% -0.87 1.27 40% 
232 10 -0.20 0.24 99% -0.20 0.43 88% -0.34 0.76 62% -0.47 0.80 60% 
241 18 -0.19 0.30 99% -0.36 0.59 88% -0.65 0.74 78% -0.72 0.98 64% 
242 11 -0.18 0.48 86% -0.34 0.60 76% -0.70 0.74 66% -0.91 0.97 53% 
243 10 -0.24 0.50 82% -0.32 0.75 63% -0.42 1.00 50% -0.68 1.22 42% 
244 13 -0.06 0.21 99% -0.27 0.44 91% -0.27 0.55 83% -0.23 0.63 77% 
245 11 -0.06 0.40 92% -0.03 0.68 70% -0.06 1.07 49% -0.05 1.46 37% 
246 16 -0.25 0.28 99% -0.54 0.45 94% -0.73 0.56 87% -0.94 0.69 78% 
248 10 -0.05 0.31 97% -0.24 0.56 77% -0.30 0.71 66% -0.48 0.87 56% 
250 32 0.01 0.27 99% -0.02 0.42 99% -0.14 0.56 97% -0.14 0.81 86% 
253 10 0.01 0.40 90% 0.06 0.66 69% 0.14 0.87 56% 0.09 1.06 47% 
256 15 -0.32 0.31 99% -0.55 0.37 97% -0.76 0.50 90% -1.08 0.66 79% 
257 10 -0.05 0.23 99% -0.12 0.35 94% -0.16 0.46 86% -0.29 0.78 61% 
258 29 -0.16 0.32 99% -0.40 0.42 99% -0.53 0.70 90% -0.62 0.99 75% 
259 13 -0.14 0.37 96% -0.21 0.68 74% -0.38 0.96 57% -0.56 1.29 45% 
261 20 -0.03 0.38 99% -0.15 0.45 96% -0.36 0.66 85% -0.46 0.83 74% 
270 10 -0.08 0.35 94% -0.01 0.38 92% -0.06 0.56 77% -0.02 0.78 61% 
271 27 0.01 0.34 99% -0.02 0.49 98% 0.00 0.67 90% -0.10 0.78 84% 
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Table 21: Rotational design:  Summary statistics by zone. 
 
                    
Zone 
N 
 
 
 
 
After 10 years:   5 
years of change 
After 15 Years:  10 years 
of change 
After 20 Years:  15 years 
of change 
Average Std 
dev 
Conf. 
level 
Average Std dev Conf. 
level 
Average Std dev Conf. 
level 
         
220 13 -0.25 0.17 99% -0.67 0.51 86% -0.97 0.64 77% 
221 13 0.04 0.29 99% -0.06 0.67 75% -0.14 0.94 59% 
222 10 -0.26 0.32 96% -0.50 0.70 66% -0.79 0.90 54% 
223 11 -0.10 0.18 99% -0.21 0.26 99% -0.36 0.34 96% 
224 13 -0.12 0.33 98% -0.30 0.61 79% -0.44 0.89 61% 
225 15 -0.15 0.31 99% -0.28 0.57 85% -0.30 0.85 66% 
226 30 -0.13 0.29 99% -0.30 0.58 95% -0.37 0.80 85% 
227 23 -0.02 0.33 99% -0.06 0.46 97% -0.22 0.69 86% 
231 10 -0.21 0.37 93% -0.37 0.64 71% -0.55 0.92 54% 
232 10 -0.04 0.24 99% -0.23 0.53 80% -0.28 0.59 74% 
241 18 -0.22 0.30 99% -0.45 0.55 90% -0.61 0.78 75% 
242 11 -0.15 0.36 95% -0.51 0.45 88% -0.66 0.73 66% 
243 10 -0.14 0.33 96% -0.20 0.55 78% -0.51 0.76 62% 
244 13 -0.12 0.33 98% -0.24 0.48 89% -0.12 0.56 82% 
245 11 -0.07 0.34 96% -0.13 0.71 68% -0.04 1.14 46% 
246 16 -0.26 0.26 99% -0.46 0.40 97% -0.71 0.50 91% 
248 10 -0.12 0.37 93% -0.26 0.61 73% -0.30 0.75 63% 
250 32 -0.03 0.29 99% -0.16 0.42 100% -0.19 0.62 95% 
253 10 0.04 0.41 90% 0.15 0.64 71% 0.18 0.90 54% 
256 15 -0.22 0.25 99% -0.49 0.46 92% -0.73 0.58 84% 
257 10 -0.04 0.35 94% -0.03 0.45 87% -0.07 0.64 70% 
258 29 -0.25 0.25 99% -0.36 0.41 99% -0.46 0.75 87% 
259 13 -0.13 0.41 94% -0.22 0.68 74% -0.39 1.07 52% 
261 20 -0.11 0.33 99% -0.27 0.49 95% -0.42 0.65 85% 
270 10 0.03 0.35 94% 0.01 0.53 80% 0.08 0.82 59% 
271 27 -0.06 0.33 99% -0.08 0.56 95% -0.09 0.64 92% 
 
 
 
Table 22:  Yearly sampling: Summary statistics for pH change by agricultural zones. 
 
Zone N 5 years 
change 
  10 
years 
change 
  15 
years 
change 
  20 
years 
change 
  
  Average Std 
dev. 
Conf. 
level 
Average Std 
dev. 
Conf. 
level 
Average Std 
dev. 
Conf. 
level 
Average Std 
dev. 
Conf. 
level 
North 204 -0.13 0.34 99% -0.26 0.54 99% -0.37 0.78 99% -0.51 1.00 99% 
South 108 -0.13 0.35 99% -0.27 0.58 99% -0.41 0.79 99% -0.52 1.02 97% 
Central 88 -0.06 0.34 99% -0.20 0.49 99% -0.34 0.68 99% -0.44 0.91 97% 
SW 3 -0.11 0.07 99% -0.21 0.32 75% -0.24 0.57 48% 0.08 1.02 28% 
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Table 23: Rotational design: Summary statistics for pH change by agricultural zones. 
 
Zone N After 10 years:   
5 years change 
After 15 years:   
10 years change 
After 20 years:   
15 years change 
  Average Std 
dev. 
Conf. 
Level 
Average Std 
dev. 
Conf. 
Level 
Average Std 
dev. 
Conf. 
Level 
North 204 -0.11 0.30 99% -0.25 0.56 99% -0.35 0.78 99% 
South 108 -0.14 0.33 99% -0.29 0.57 99% -0.40 0.80 99% 
Central 88 -0.12 0.31 99% -0.25 0.47 99% -0.35 0.70 99% 
SW 3 -0.11 0.28 82% -0.07 0.42 62% 0.15 1.00 29% 
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Appendix B:  Clarification of estimates of statistical 
variance  
Calculation of the number of samples required to detect change in a population  
 By J. Speijers, DAFWA 
From Saby et al., 2008:  
n >       
 
where    y  is the minimum detectable change (MDC) 
z is a tabulated value from the standard Normal distribution, and  
2s  is an estimate of the variance of the mean change. 
This exercise is resampling of a finite population.  There is a set of sampled sites with a given amount 
of variation which will then be revisited.  The equation is used to calculate the number of sites that 
must be revisited to detect a particular change at those sites.  This is distinct from the purpose of the 
standard two tailed t-test, which is why z was used instead of t.  It is not taking a random sample at 
time 1 and again at time 2.   
Variability in soil pH taken into consideration for sampling design .   
Three major sources of error must be considered:   
 laboratory analysis error (+/- 0.1 pH unit, Chemistry Centre WA),  
 between site variability, and  
 within site variability  
i.e.  
 
where 
ijky  is the pH for sample j in site i at time k,  
ik  is the error for site i at time k, ijk

is the sampling error associated with sample j in site i at 
time k, 
 ijk

is the laboratory error associated with sample j in site i at time k, 
),0(~ 2sik N  , 
),0(~ 2Lijk N  , 
),0(~ 2 NIDijk  and  the errors ik , ijk

 and ijk

 are independent.    
 
2
222
y
sz
ijkijkikijky  
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When S sites are sampled and n samples per site, the overall variance can be summarized as follows:   
                                           SnSnS
y SLk
222
)var(


 
Let us now examine the change in pH between years k and l,  
)()()( ijlijkijlijkilikijlijkij yy    
)var()var()var()var( ijlijkijlijkilikij    
where  
                          
)1(2),cov(2)var( 22 SSilikSilik    
)1(2),cov(2)var( 22 LLilikLilik    
22)var(   ilik  
and S

 and L

 are the correlations between paddock effects and within paddock effects at times k 
and l. 
Finally 
nSnSS
LLSS
222 2)1(2)1(2
)var(






 
 
Note that while the variance due to the measurement error is additive the variances due to paddocks 
and samples within paddocks are not additive if there is a correlation between values taken at 
subsequent times. 
Now 
2s  in Equation 1 can be estimated as 
nSnSS
s LLSS
222
2 ˆ2)ˆ1(ˆ2)ˆ1(ˆ2  
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Appendix C:  Flow diagram of sampling and analyses for 
three pilot sites  
 
 
Figure 29:  Flow diagram for sample archiving from monitoring sites. 
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Appendix D:  Number of samples required for different 
scenarios 
Samples required by Soil Landscape Zone 
 
Table 24:  N required if sampling all soils for change in pH. 
 
Zone Area (ha) N for St Dev 
estimate 
Mean pH St Dev pH N1 N2 
220 176397 37 6.33 0.373 27 11 
221 103300 84 7.19 1.071 220 94 
222 630798 171 6.11 0.639 78 33 
223 129539 12 6.44 0.247 12 5 
224 528797 232 6.33 0.501 48 21 
225 317738 178 6.21 0.592 67 29 
226 128771 105 6.59 0.823 130 55 
227 245912 47 6.70 0.893 153 65 
231 21339.1 6 7.45 1.198 276 118 
232 74751.4 25 6.10 0.4 31 13 
234 2453 1 6.50 NaN NaN NaN 
241 286438 239 6.28 0.795 121 52 
243 372878 201 6.52 0.744 106 45 
244 149270 41 6.78 0.818 128 55 
245 660167 301 6.44 0.508 50 21 
246 743337 108 6.74 0.647 80 34 
248 82232.3 31 5.90 0.886 151 64 
250 2311922 551 6.70 0.875 147 63 
256 1208840 524 6.18 0.636 78 33 
257 1119203 396 6.02 0.631 76 33 
258 5910271 675 6.73 1.061 216 92 
259 1155692 298 6.25 0.821 130 55 
261 239231 123 8.19 1.449 403 172 
270 73923 30 6.28 0.851 139 59 
271 837153 298 6.26 0.757 110 47 
Total     2977 1269 
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Table 25:  N required for vulnerable soils only, sampling for change in pH. 
 
Zone Area (ha) N for St Dev 
estimate 
Mean 
pH 
St Dev 
pH 
N1 N2 
220 176397 35 6.31 0.322 20 8 
221 103300 45 6.81 0.772 114 49 
222 630798 197 6.11 0.579 64 27 
223 129539 10 6.41 0.256 13 5 
224 528797 192 6.34 0.505 49 21 
225 317738 109 6.25 0.532 54 23 
226 128771 39 6.28 0.494 47 20 
227 245912 32 6.48 0.607 71 30 
231 21339.1 3 6.57 0.404 31 13 
232 74751.4 14 6.23 0.456 40 17 
234 2453 1 6.50 NaN NaN NaN 
241 286438 124 5.97 0.648 81 34 
243 372878 135 6.32 0.673 87 37 
244 149270 36 6.54 0.587 66 28 
245 660167 45 6.41 0.555 59 25 
246 743337 4 7.42 1.399 376 160 
248 82232.3 21 5.50 0.737 104 44 
250 2311922 421 6.38 0.78 117 50 
256 1208840 152 6.20 0.579 64 27 
257 1119203 291 5.95 0.522 52 22 
258 5910271 566 6.156 0.795 122 52 
259 1155692 212 5.96 0.513 51 22 
261 239231 30 6.96 1.249 300 128 
270 73923 9 6.12 0.674 87 37 
271 837153 152 5.92 0.599 69 29 
Total     2138 908 
N1 Number of sites to detect a change of 0.2 pH units with 95% confidence 
N2 Number of sites to detect a change of 0.2 pH units with 80% confidence 
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SOC MDC based on soil landscape zone design  
 
Table 26:   Minimum Detectable level of change of  SOC (%) in each zone based on the number of samples given 
in Table 5.  NaN = No Data. 
 
Zone OC N for 
St Dev 
OC 
Mean 
OC       
St Dev 
N1 from 
all soils 
N2 from 
all soils 
MDC 95% 
using N1 
all soils 
MDC 80% 
using N1 
MDC 
95% 
using N2 
MDC 80% 
using N2 
all soils 
220 3 0.402 0.038 27 11 0.02 0.013 0.031 0.02 
221 6 1.345 1.028 220 94 0.192 0.125 0.294 0.192 
222 39 1.889 1.625 78 33 0.51 0.333 0.784 0.512 
223 2 0.458 0.216 12 5 0.173 0.113 0.267 0.175 
224 24 1.084 0.956 48 21 0.382 0.25 0.578 0.378 
225 7 0.919 0.339 67 29 0.115 0.075 0.175 0.114 
226 8 1.035 0.221 130 55 0.054 0.035 0.083 0.054 
227 4 0.546 0.178 153 65 0.04 0.026 0.061 0.04 
231 0 NaN NaN 276 118 NaN NaN NaN NaN 
232 8 0.644 0.141 31 13 0.07 0.046 0.108 0.071 
234 0 NaN NaN NaN NaN NaN NaN NaN NaN 
241 77 1.631 0.534 121 52 0.135 0.088 0.205 0.134 
243 35 1.543 0.924 106 45 0.249 0.162 0.382 0.249 
244 6 1.737 0.988 128 55 0.242 0.158 0.369 0.241 
245 15 1.085 0.801 50 21 0.314 0.205 0.485 0.316 
246 17 1.191 0.346 80 34 0.107 0.07 0.165 0.108 
248 8 1.736 0.754 151 64 0.17 0.111 0.261 0.171 
250 118 1.436 0.774 147 63 0.177 0.115 0.27 0.176 
256 67 1.354 1.067 78 33 0.335 0.219 0.515 0.336 
257 71 2.358 1.862 76 33 0.592 0.387 0.898 0.587 
258 104 1.252 0.849 216 92 0.16 0.105 0.245 0.16 
259 84 1.509 0.775 130 55 0.188 0.123 0.29 0.189 
261 0 NaN NaN 403 172 NaN NaN NaN NaN 
270 0 NaN NaN 139 59 NaN NaN NaN NaN 
271 25 0.689 0.232 110 47 0.061 0.04 0.094 0.061 
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Table 27:   Minimum Detectable level of change of SOC (%) in soils vulnerable to acidification only in each zone 
based on the number of samples given in Table 6. 
 
Zone OC N for 
St Dev 
OC 
Mean 
OC St 
Dev 
N1 from 
vuln soils 
N2 from 
vuln. soils 
MDC 95% 
using N1 
MDC 80% 
using N1 
MDC 95% 
using N2 
MDC 80% 
using N2 
220 3 0.402 0.038 20 8 0.023 0.015 0.037 0.024 
221 2 0.595 0.049 114 49 0.013 0.008 0.02 0.013 
222 29 1.405 1.07 64 27 0.371 0.242 0.571 0.373 
223 0 NaN NaN 13 5 NaN NaN NaN NaN 
224 11 1.125 1.104 49 21 0.437 0.286 0.668 0.436 
225 2 0.575 0.049 54 23 0.019 0.012 0.029 0.019 
226 2 1.085 0.12 47 20 0.049 0.032 0.075 0.049 
227 1 0.385 NaN 71 30 NaN NaN NaN NaN 
231 0 NaN NaN 31 13 NaN NaN NaN NaN 
232 1 0.45 NaN 40 17 NaN NaN NaN NaN 
234 0 NaN NaN NaN 0 NaN NaN NaN NaN 
241 21 1.514 0.376 81 34 0.116 0.076 0.179 0.117 
243 22 1.374 0.596 87 37 0.177 0.116 0.271 0.177 
244 2 1.44 0.382 66 28 0.13 0.085 0.2 0.131 
245 2 2.87 1.174 59 25 0.424 0.277 0.651 0.425 
246 1 0.56 NaN 376 160 NaN NaN NaN NaN 
248 4 1.303 0.372 104 44 0.101 0.066 0.155 0.101 
250 21 1.258 0.597 117 50 0.153 0.1 0.234 0.153 
256 39 0.943 0.592 64 27 0.205 0.134 0.316 0.206 
257 47 2.225 1.576 52 22 0.606 0.396 0.931 0.608 
258 32 1.08 0.949 122 52 0.238 0.155 0.365 0.238 
259 46 1.433 0.878 51 22 0.341 0.223 0.519 0.339 
261 0 NaN NaN 300 128 NaN NaN NaN NaN 
270 0 NaN NaN 87 37 NaN NaN NaN NaN 
271 3 0.871 0.364 69 29 0.121 0.079 0.187 0.122 
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Appendix E:  Definition of Supergroups and calculations of 
N by Supergroup 
 
Table 28:  Amalgamating zones into 3 Supergroups (of similar total area) that comprise zones of similar standard 
deviation (considering all soils). 
 
Zone pH, All soils pH, Vulnerable 
  N Mean Std.Dev. N Mean Std Dev 
Supergroup 3 2087 6.45 0.847 1177 6.18 0.579 
232 25 6.10 0.4 14 6.23 0.456 
224 232 6.33 0.501 192 6.34 0.505 
245 301 6.44 0.508 45 6.41 0.555 
225 178 6.21 0.592 109 6.25 0.532 
222 171 6.11 0.639 197 6.11 0.579 
223 12 6.44 0.247 10 6.41 0.256 
243 201 6.52 0.744 135 6.32 0.673 
257 396 6.02 0.631 291 5.95 0.522 
227 47 6.70 0.893 32 6.48 0.607 
256 524 6.18 0.636 152 6.20 0.579 
Supergroup 2 1566 6.45 0.847 970 6.16 0.725 
248 31 5.90 0.886 21 5.50 0.737 
271 298 6.26 0.757 152 5.92 0.599 
244 41 6.78 0.818 36 6.54 0.587 
241 239 6.29 0.795 124 5.97 0.648 
259 298 6.25 0.821 212 5.96 0.513 
246 108 6.74 0.647 4 7.42 1.399 
250 551 6.70 0.875 421 6.38 0.78 
Supergroup 1 993 6.934 1.201 683 6.25 0.833 
226 105 6.59 0.823 39 6.28 0.494 
258 675 6.73 1.061 566 6.16 0.795 
231 6 7.45 1.198 3 6.57 0.404 
221 84 7.19 1.071 45 6.81 0.772 
261 123 8.19 1.449 30 6.96 1.249 
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Samples needed by Supergroup 
 
Table 29:  Number of sites within each Supergroup to estimate change of 0.2 units with 2 levels of confidence. 
Supergroup Number of 
samples used 
to estimate s.d. 
Mean pH Standard 
deviation of pH 
Total area of 
Suprgroup 
N1 all soils 
0.2 95% 
N2 0.2 
80% 
1 993 6.937 1.201 6,402,912 277 118 
2 1566 6.454 0.847 5,566,045 138 59 
3 2087 6.246 0.639 5,288,624 78 33 
Total     493 210 
 
 
 
Table 30:  Number of sites (vulnerable to acidification only) within each Supergroup to estimate change of 0.2 pH 
units with 2 levels of confidence. 
Supergroup Number of samples 
used to estimate Std. 
Dev. 
Mean 
pH 
Standard 
deviation of 
pH 
Total area of 
Superzone 
N1 All soils 0.2, 
95% 
N2 0.2, 
80% 
1 683 6.246 0.833 6402912 133 57 
2 970 6.156 0.725 5566045 101 43 
3 1177 6.182 0.579 5288623 64 27 
Total     298 127 
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Table 31: Proportioning the number of sites in each Supergroup between zones based on area.  This has only 
been calculated for N1, and both all soils and vulnerable soils are shown in the same table. 
 
 Area (ha) % of 
Superzone 
area 
N1 - 
Allsoils 
N1-
Vulnerable* 
N2 - 
Allsoils 
N2-
Vulnerable* 
Supergroup 1 6402913  277 133 118 57 
226 128771.27 0.02 6 3 2 1 
258 5910271.5 0.92 256 123 109 53 
231 21339.071 0 1 0 0 0 
221 103299.88 0.02 4 2 2 1 
261* 239231 0.04 10 5 4 2 
Supergroup 2 5566045  138 101 59 43 
248 82232.302 0.01 2 1 1 1 
271 837153.45 0.15 21 15 9 6 
244 149270.07 0.03 4 3 2 1 
241 286437.57 0.05 7 5 3 2 
259 1155692.3 0.21 29 21 12 9 
246 743337.36 0.13 18 13 8 6 
250 2311922.4 0.42 57 42 25 18 
Supergroup 3 5288624  78 64 33 27 
232 74751.427 0.01 1 1 0 0 
224 528797.2 0.1 8 6 3 3 
245 660166.73 0.12 10 8 4 3 
225 317738.32 0.06 5 4 2 2 
222 630798.27 0.12 9 8 4 3 
223 129538.8 0.02 2 2 1 1 
243 372878.36 0.07 5 5 2 2 
257 1119202.8 0.21 17 14 7 6 
227 245911.65 0.05 4 3 2 1 
256 1208840.4 0.23 18 15 8 6 
Total 17257582  493 298 210 127 
*Please note:  Zone 261 not included in land cover dataset, so full area of zone was used for these 
calculations; also, as correlation between masked out areas and vulnerable soils were unknown, the 
full (masked) area was used to proportion samples for the “vulnerable” dataset. 
 
